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Seem idea of a physical photometer, an instrument to indicate lumi- 

nous intensities by the position of a pointer, is comparatively old.! 
The feasibility of the idea has been demonstrated, notably by Fery,? but 
it has not heretofore found application in practical form. That this is 
the case is chiefly because the great field (although not the only one) for 
the physical photomoter is in the photometry of lights of different color, 
and this latter is a problem only recently given a satisfactory solution.’ 
Put differently, we may say that the physical photometer has had to lie 
dormant because there has been no way to determine definitely whether 
a given physical photometer reads correctly. 

The present paper describes the development and practical use of an 
artificial eye, consisting of a sensitive thermopile in conjunction with an 
absorbing medium whose transmission is a copy of the spectral lumi- 
nosity curve of the averageeye. Thisartificial eye differs from previous 
essays in the same direction in the accuracy with which it conforms to 
the latest determinations of the luminosity curve and in the fact that it 
has been exhaustively tested for its performance upon test color differ- 
ences whose photometric values have been established by a satisfactory 
method of colored light photometry. 


NECESSARY PHOTOMETRIC AND PHYSICAL PRELIMINARIES. 

Asa preliminary to the detailed description of the new physical photom- 
eter it is desirable to summarize the state of development to which the 
solution of certain photometric and physical problems must have been 
brought before physical photometry could be put in practical form. 

The Adoption of a Method of Visual Colored Light Photometry—We may 
emphasize two features which are practically indispensable in a method 
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of visual colored light photometry if it is to serve as a basis for physical 
photometry. First, the method must conform to the elementary arith- 
metical axioms that things equal to the same thing are equal to each 
other, and that the sum of the separately measured parts shall equal the 
measurement of the whole. The importance of this is best illustrated 
by an example of a photometric method which is quite unsuitable, namely, 
“visual acuity.’”’ By this method a monochromatic light measures as 
more effective than a polychromatic one of the same or greater intensity, 
as measured by other criteria. Obviously any attempt to develop a 
physical photometer which shall discriminate between monochromatic 
and other radiation of the same intensity is beset with extreme difficulty. 
Second, the visual photometric method should be used only at one defi- 
nite point in the ‘‘condition diagram” determined by brightness and field 
size. In other words, the infinite number of values which are theoreti- 
cally possible owing to the existence of the Purkinje and allied phenom- 
ena, must be reduced to a single one by the adoption of definite stand- 
ard conditions of illumination and field size. The practical importance 
of this restriction lies in the obvious difficulty of constructing a radiom- 
eter which shall change its relative spectral sensibility with the inten- 
sity of total illumination and with the size of the object presented to its 
view. This latter restriction is not a serious one although it might at 
first sight so appear. It is not serious because the study of the photo- 
metric problem has shown the disturbing phenomena mentioned to be of 
importance only at very low illuminations. The adoption of standard 
high illumination conditions is as necessary to visual colored light photom- 
etry as to physical. Deviations from these standard, most useful con- 
ditions, are to be met by the use where necessary of correcting “quality 
factors.” 

The method of visual colored light photometry to which we have worked 
in this research is that specified by the use of the flicker photometer, with 
a photometric field of 2 degrees diameter, under an illumination to give 
the brightness of a white surface under 25 meter candles, a large enough 
group of observers being used to form an average eye. 

The Establishment by the Visual Photometric Method of a Set of Lu- 
minosity Values of Representative Color Differences —The most important 
and useful color scale is of course that given by the luminosity curve of 
the normal equal energy spectrum. With this accurately determined 
by a photometric method conforming to the arithmetical axioms, the 
physical photometer problem consists solely in the accurate copying of 
the curve by the spectral sensibility curve of the radiometer. If the 
different parts of the spectrum measure correctly then all mixtures of 
these parts must measure rightly. 
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The luminosity curve of the equal energy spectrum has been deter- 
mined by substantially the photometric method outlined by Ives and 
by Nutting. The curves obtained are shown in Fig. 1 (dashed and dot- 
and-dashed lines). They are in general similar, but differ somewhat in 
area and shape of the blue side. These differences will show up as smal] 
but detectable differences in the relative values of the complex colors 
and, pending still more exact determinations of the luminosity curve, 
the choice of the exact curve to which the physical photometer must 
conform must be made by a process of trial on other color differences. 















































Fig. 1. 

Luminosity curves of the equal energy spectrum. Dot and dash line, Ives’ data. Dashed 
line, Nutting’s data. Full line, Curve called for to secure agreement between visual and 
physical photometer values on series of test colors (transmission curve of final luminosity 
curve solution). 


It may be remarked in reference to the spectrum luminosity curve 
that while its exact determination is all that is necessary to provide a 
color scale, the practical experimental difficulties, due to the necessity 
of determining the intensity of the radiant energy through the visible 
spectrum, are great enough to leave the results so far obtained in some 
doubt where the greatest accuracy is in question. 

The spectral luminosity curve must, therefore, be supplemented by 
other test colors, whose luminosity values are capable of more exact deter- 
mination. Such colors are suitable for checking the performance of a 
luminosity curve solution and for indicating slight changes, but are not 
suitable for determining it originally. We have had at our disposal for 
this purpose a series of absorbing solutions, developed for other purposes, 
whose transmissions have been determined by the standard photometric 
method by a group of observers representing the average of 61 indivi- 
duals. These solutions have been described in detail elsewhere. It is 


only necessary to list them here. They consist of four, as follows: 
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1. A solution of potassium dichromate in water, 
72 grams to one liter solution. 
2. A solution of cupric sulphate in water, 
53 grams to one liter solution. 

These two solutions, placed in one centimeter thick matched glass 
tanks, should transmit equal amounts of the light from a standard “‘4- 
watt’’ carbon lamp, as determined by the standard visual photometric 
method. These solutions we have developed® and used for the selection 
of groups of observers whose mean visual characteristics shall be the same 
as our large group of 61. We shall refer to them here as the “test col- 
ors.” 

3. A yellow solution which in varying concentrations reduces the light 
from an incandescent solid to visual equivalence with that from incan- 
descent solids at lower temperatures. 


Composition. 
COROIS DUMMOSUME GUIDTIREE. oon. ccc ctccveuccccseecesesees 100 g. 
EE re a Tee ee ee rer .733 g. 
ee ike aaa mre dered ewe aewa we meme aad 10 c.c. 


Mix with distilled water to one liter of solution. 


4. A blue solution which in varying concentrations reduces the light 
from an incandescent solid to visual equivalence with that from incan- 
descent solids at higher temperatures. 


Composition. 
er Pn ee 50 g. 
er eee eT ere 
Ammonium NS abso FO acne clea asdimniausimbnere na Rewinwewe aaa 10 g. 


Mix with distilled water to one liter of solution. Dilute with distilled 
water containing Io g. ammonium sulphate per liter. 


These solutions® we shall refer to as ‘‘ Fabry solutions,” the possibility 
of the development of such media having been pointed out by Fabry.’ 
The transmission of these solutions in thicknesses of one centimeter, at 
20° C., against clear water, are accurately given by the equations: 


¥Velow solution over “ 4-watt” WMD... oc ccccccccccceccccesces logio T = — .245¢° 
Yellow solution over tungsten lamp to reduce to “ 4-watt’’ color. .logio T = 368 c)-% 
ee ie a rr logio T = — .539 cl 


where ‘‘c”’ (concentration) is expressed in decimal fractions. 

The spectral transmissions of these solutions are shown in Fig. 2. It 
will be seen that solutions 1 and 2 give a comparatively sharp division of 
the spectrum (of the carbon lamp) into two complementary parts, while 
the Fabry solutions give a very gradual change of intensity from end to 
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end. We have as well in the yellow solution on the test lamp side, and 
in the blue solution on the carbon or comparison lamp, side, two means of 
obtaining the same visual color difference, with slight differences in the 
spectra. 

These solutions give us, therefore, two main different types of color 
difference, and include the most common type now encountered, namely 
that between the low and high efficiency incandescent lamps. We have 
worked upon the assumption that a physical photometer which conforms 
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Fig. 2. 


Spectral transmissions of colored solutions used to test performance of physical photometer. 
1. Yellow test color. 2. Green test color. 3. Fabry yellow solution, 35 per cent. conc. 
4. Fabry blue solution, 100 per cent. conc. 


closely to the determinations of the spectrum luminosity curve and as 
well measures these color differences accurately is sufficiently practical 
for immediate needs. 


The Existence of a Satisfactory, Highly Sensitive Means of Measuring 
Radiant Energy.—Luminous flux being simply radiant power which has 
been passed through an evaluating medium, either the retina or a lumi- 
nosity curve solution, the physical measurement is necessarily one of radi- 
ant power measurement. An essential characteristic of the radiometer 
to be employed is of course that it shall have adequate sensibility to 
stand the tremendous reduction of intensity which transformation from 
radiant power to luminous flux involves with our present light sources 
(a reduction usually of about 99 per cent.). In addition to this the radiom- 
eter should give a response directly proportional to the stimulus. 
Further, its spectral sensibility should be fixed and unchangeable in order 
that the problem of altering its sensibility to that of the eye shall be ca- 
pable of definite solution. 
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In the preliminary study of the problem of physical photometry! the 
chief types of radiometer were studied with reference to the essential 
characteristics for this purpose. The most sensitive ones (selenium and 
the photo-electric cell) were found to be deficient in certain essentials 
and final choice was made of the thermopile, which has of late been sub- 
ject to considerable study and development. 


PRACTICAL DETAILS. 


The Thermopile and Galvanometer.—The thermopile used in the major- 
ity of the work was a linear one of bismuth-silver, Coblentz design, of 18 
junctions, having a total resistance of 26 ohms, the junctions being in 
series. The galvanometer was a d’Arsonval, constructed by Leeds & 
Northrup. Its period was 6.5 seconds; its internal resistance 12.5 ohms; 
its critical damping resistance 32.5 ohms and its sensibility 33 mm. per 
microvolt. 


The Luminosity Curve Solution.—The luminosity curve solution was 
worked out by trial with the spectrophotometer, to conform quite closely 
to the luminosity curve as determined by Ives. At the same time the 
number and character of the constituents was such that by altering their 
relative proportions the transmission curve could be altered to correspond 
quite closely to the characteristics of the Nutting curve, or toward the 
characteristics of individual curves in the groups of which the ones quoted 
are average. This first approximation to the working solution was com- 
posed as follows: 


NN o43.6.59.65400 00d boas Dee eed eRe eReS Se weSaA 60 grams. 
re I DUINOE, fac eect adscswndivcseseeseus 7.5 grams. 
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Fig. 3. 


Spectral transmissions of constituents of luminosity curve solution. A. Cupric chloride. 
B. Potassium chromate. C. Cobalt ammonium sulphate. 
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PE GRE ok 6 x0: 6.0:0.06 59505 Cede EF RSA KCK OS ORS 1.7 grams. 
SN Re Ce Be 3 5 66a RDS K ase reed beads kOe Som iS cc. 


The chromate should be dissolved separately and the acid added to it. 
These constituents have been carefully selected for permanence and 
other practical qualities. 

In Fig. 3 are shown the transmission of the constituents separately. 
This solution has a transmission closely that of the Ives curve and it 
will be easily seen that it should be possible by altering the amount of 
the cobalt constituent to remove the chief difference between that and 
the other experimental luminosity curve obtained by Nutting and by 
changing the copper or potassium chromate to shift the curve bodily 
toward red or blue. The Nutting curve we find is very accurately 
copied by the following composition. 


NS 9. gita 56s cir Was Us cheat be dee wide Re ei 68 grams. 
es IE BUND 656s wawnectcvnvenwcosasawaden 14 grams. 
PD roo cdee enced Gas eeheee a nace aac e 19 grams. 
NN NN Rl nad ls asa tg se og ihn yd edhe bre ence a ee 15 c.c. 
EG CAS pb GOeR SR ERE RTEN ES eae a eS awOD beukeaen es aoe 1 liter. 


The Arrangement of Apparatus and Method of Reading.—Fig. 4 shows 
the arrangement of apparatus to scale, as set up in our physical photom- 





















































Fig. 4. 
Diagram of thermopile artificial eye. t, thermopile; 1, luminosity curve solution; g, gal- 
vanometer; j, lamp; s’, screens; k, protective water tank; s, shutter; d, sector disc; b, ledge 
holding absorbing media to be measured; m, mirror. 


eter room, a basement room 10 X 10 feet square, where the temper- 
ature is reasonably constant. 

The thermopile ¢, the luminosity curve solution in a one centimeter 
thick glass tank /, and the galvanometer g, are all placed close together 
on the top of a concrete pier in an enclosing box. The box has a small 
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aperture a, facing toward the 100-candle-power stereopticon lamp j, 
25 cm. distant. The radiation from the latter passes through openings 
in two tin screens s' and through the water tank k. This latter was 
adopted originally for the purpose of keeping the surroundings of the 
thermopile from unnecessary heating, and is, we find, essential but for 
this purpose and to completely obstruct infra-red radiation. A shutter s 
and a sector disc d are interposed between the luminosity curve solution 
and the water tank. The absorbing solutions to be measured are placed 
on a ledge b. m is a concave mirror which may be placed behind the 
lamp to increase the size of the deflections when desired. 

The apparatus as shown in the diagram is arranged for the measure- 
ment of absorptions. It can, however, be just as well utilized for meas- 
uring the intensities of light sources. With the point source carbon 
lamp, which gives approximately 45 candle power at “‘4-watt”’ color, we 
obtain deflections of 7 centimeters without the concave reflector, or as 
much as 20 with it. For the measurement of absorption the sensibility 
may be greatly increased by the use of a convex lens between light source 
and thermopile. Smaller light sources could be brought considerably 
nearer the thermopile. Actually we find no advantage in going over 
five centimeters with the deflections, so that we believe the sensibility of 
the apparatus in its present form is sufficient for all ordinary purposes. 
Candle-powers as low as 8 can be measured accurately. 

The chief impediments to accuracy in physical photometry we have 
found to be mechanical disturbance, drift and lack of exact proportional- 
ity between stimulus and response in the galvanometer. Mechanical 
disturbances depend for their magnitude upon the location of the lab- 
oratory and the location of the galvanometer in the laboratory. With 
the d’Arsonval galvanometer magnetic disturbances are not to be feared 
under usual conditions; purely mechanical ones are slight in the ordinary 
basement and, where heavy machinery is near, we find the Julius sus- 
pension very effective. In short, the arrangement we have adopted is 
entirely practical from this standpoint for the average laboratory. 

Drift of the galvanometer-thermopile system we find by far the most 
serious trouble we have to contend with. Even in a room at unusually 
constant temperature there is apt to be aslow creep of the zero, amount- 
ing sometimes to several per cent. of the reading during the time taken 
for a deflection and the return to zero. We believe that much of this 
might be eliminated by enclosing the galvanometer and thermopile in a 
thermostat, as could be done easily with the whole system occupying the 
small space it does here. Experiments along this line are now in progress 
in connection with another problem. Meanwhile we have found it easy 
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to meet this difficulty by making the manner of reading such as to auto- 
matically eliminate the effect of drift. To do this we make our readings 
on a timed basis. We have found with our system that by allowing ex- 
actly the same time interval between the first zero reading, the deflection 
and the final zero reading, that the true zero may be taken as the mean 
of the first and last readings. We find 30 seconds a convenient and suf- 
ficient period of exposure. In addition to this procedure we so arrange 
that all our deflections are of approximately the same size, securing this 
condition by the use of the sector discs (operated by a distant motor to 
avoid magnetic disturbances). 

Any lack of exact proportionality between stimulus and deflection 
such as is caused by an off-center suspension of the galvanometer coil, is 
also neutralized by the use of the sector disc to maintain the deflections 
of the same size. Another source of error, which falls under the same 
head, is a slow change in the sensibility of the system, which we notice 
at times. The exact cause of this we have not determined. It may lie 
in the gradual heating up of the entire thermopile, or it may lie entirely 
in the galvanometer. We find that this effect may usually be reduced 
by exposing the thermopile steadily for some minutes before beginning 
regular work. It is, however, our practice, in addition, to alternate the 
readings on the standard and test lights so that any effect on the result 
iseliminated. We have good reason to believe that most of these difficul- 
ties are to be ascribed to the very severe conditions with respect to acid 
atmosphere and dust peculiar to our laboratory, situated in the midst 
of gas works. 

By following these precautions we have no difficulty in securing a precision 
of better than one per cent. 

We may remark here parenthetically that the attainment of this degree 
of precision with a degree of sensibility adequate to measure the usual 
light sources suggests the desirability of applying this physical method 
to precision photometry even where there is no problem of color differ- 
ence. For instance the intercomparison of standard lamps. Under good 
laboratory conditions a precision three or four times as good as we at- 
tain should be easily possible. 

Since the greater part of the work here reported was completed we 
have made a trial of a vacuum thermocouple with very promising results. 
This, constructed by Dr. E. Karrer and in general agreement with the 
design of Dr. A. H. Pfund,’ consists of a single junction (with a second 
similar junction for compensation) of BiSn, BiSb alloys, in a glass con- 
tainer exhausted with the aid of a charcoal evacuator. This junction 
has a very small mass, but is connected to a rather large mass of metal 
intended to act as a heat reservoir. 
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We find this junction to be more definite in action and freer from drift 
and changing sensibility than the exposed type. Where it is possible to 
make or obtain thermocouples of this type we believe they will give great 
satisfaction. 

We mention the trial of this extra junction in order to suggest that a 
more systematic study of the galvanometer-thermopile system than we 
have made may be expected to greatly improve on the precision obtained 
by us. 

The Changes Found Necessary in the Original Luminosity Curve Solu- 
tion.—With the luminosity curve solution matching the Ives curve as 
described, the first set of color differences measured were those given by 
the yellow Fabry solution. It was found that over the range represented 
by the commoner illuminants and standards, namely, from the Hefner 


” 


to the “ri watt per candle”’ tungsten, the agreement between visually 
determined and physically determined values was practically perfect. 

Beyond this range of color difference, however, a progressive diver- 
gence appeared, greater where the blue end of the luminosity curve was 
in question than where the red end was most used. Thus on the ‘“‘com- 
parison lamp”’ side® the difference between visual and physical values 
approached one per cent., at the end of the observed curve, on the “test 
lamp”’ side, where the color difference amounted to that between a “4- 
watt” and a “‘half-watt’’ lamp, the difference was as much as two per 
cent. Now, although these differences fall well within the scattering 
points obtained by a group of selected observers, we considered it un- 
desirable to stop short of exact agreement and, therefore, undertook a 
cut and try modification of the luminosity curve solution. 

As the first step in this we measured the two “test”’ colors. These 
we found to measure two per cent. off the visual value, the yellow solu- 
tion measuring too small. We had then at our disposal several means 
of effecting a correction. We could decrease the concentration of the 
cupric chloride, thereby making the system more red sensitive. Or we 
could increase the concentration of either the cobalt or the chromate. 
Bearing in mind that the chief difference between the Nutting and Ives 
curves lies in the blue-green, the correction decided upon was an increase 
in the concentration of the cobalt. Such an increase was found by trial 
as would make the two test colors read alike. 

This new solution was then tried out on the Fabry yellow, with the 
result that the discrepancy at the test lamp end was found little affected. 
It was soon evident why this was the case. The spectral transmission 
of the green test color is such that a change in the concentration of the 
cobalt constituent is very effective on it. The color difference intro- 
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duced by the tungsten lamp is however relatively much less sensitive to 
this change than it would be to a change farther from the center of the 
spectrum. This gave the clue to the next change, namely, an increase 
in the concentration of the potassium chromate. After several trials a 
balance was hit which behaved equally well with all the test color dif- 
ferences. The final solution has the composition: 


Ee CEs 6.8. 6.8 eas 64 keen 08 CK CRETE OEE EROS wS 60.0 grams. 
eee: I MEINE oboe niece send eneecr wanna 14.5 grams. 
PE CE src Siok eKencen evacuees Seeneaue eae ee 1.9 grams. 
ee re ee ne er aera 18.0 c.c. 
ME su aw ep sea bee a ay ale Kine ee ee ea alee 1 liter. 


{An essential part of the absorbing means is the protective water layer of at least 2 cm. 
thickness.] 

The spectral transmission is shown in Fig. 1 (full line), plotted to a 
maximum value of unity. This curve differs from the experimentally 
determined ones in being shifted somewhat toward the red end of the 
spectrum, a point which will be discussed presently. The transmission 
of this solution is represented very accurately by the following equation 2 


, R» . R y 
dU 1 1—(Ry/A) aS? 1—(Re/A) (— cau) 
| A (se ) +B(e ) +e x ¢ 


where 


I 


A 
B= .04, RR: = .465, B= 400, 


.999, R, = .556, a = 200, 


C = .095, R3 = .610, y = 1,000. 


Performance.—The final physical photometer measures the two test 
colors equal to within one half per cent. On the Fabry solutions the 
agreement between visual and physical values is everywhere well within 
one per cent. and the calculated value drawn through the visual points 
lies nowhere more than one half per cent. away from the physical values. 
This agreement we feel justified in calling complete, and, as stated above, 
we believe that since these test color differences are measured correctly, 
all other ordinary color differences of the kind met with in practical 
photometry (which excludes monochromatic lights) will also be measured 
satisfactorily. The visual, calculated and physical values for the Fabry 
solutions are shown in Figs. 5 and 6. These data indicate of course the 
accuracy to be expected in the measurement of the various light sources 
which the solutions counterfeit in color. 


DISCUSSION. 
It is not out of place to mention that the physical photometer is 


extremely simple and convenient in operation. It has been so arranged 
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SOLUTION ON SOLUTION 


> SID COMPARISON 
LAMP SIDE 


TRANSMISSION (VALUES OF COMPARISON LAMP) 





CONCENTRATION 
Fig. 5. 
Visual and physical photometer values of Fabry yellow solution compared. Circles, visua 1] 
points; full line, calculated curve; dots, physical photometer points. The color range repre- 
sented is from the Hefner, at the right, to the “half watt’’ tungsten, at the left. 
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Fig. 6. 
Visual and physical photometer values of Fabry blue solution compared. Circles, visua 
points; full line, calculated curve; dots, physical photometer points. The color range repre- 
sented is from the standard carbon lamp, at the left, to the “‘half watt”’ tungsten, at the right. 
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that a single person can operate it perfectly. What has heretofore been 
a task for a group of five or more men, with a complete photometric 
track and accessories, can now be done by one man ina tenth the time. 

The point perhaps of chief importance for discussion is the character of 
the luminosity curve demanded to secure the agreement between the 
visual and physical values. Why is it shifted toward the red end of the 
spectrum as compared with the directly determined ones? The expla- 
nation may lie, as already suggested, in the inherent difficulties of the 
direct determination. Or again it may be that our large group of obser- 
vers on whom the visual values depend have a somewhat different average 
from the much smaller groups used in the luminosity curve determi- 
nations. 

Another question of particular interest to the writers is why in our 
recent determination of the mechanical equivalent of light!® the evidence 
was in favor of a curve shifted more toward the blue than that now indi- 
cated. The decision in favor of the bluer curve was made on the basis 
of the apparent better agreement, when such a curve was used, between 
the two methods of attack, in one of which (B) we measured the radi- 
ation transmitted by the luminosity curve solution, in the other (C) the 
intensity of a monochromatic green radiation. 

With a view to tracing out the cause of the discrepancy which would 
exist were the luminosity curve as here determined employed in that in- 
vestigation, we have measured on the physical photometer the trans- 
mission of the monochromatic green solution there used. We have per- 
formed the measurement both with the Nutting curve and with the new 
one. With the Nutting curve solution the transmission measured .0463, 
with the new curve .0441, the visual determined value being .0437. Now 
bearing in mind that the physical photometer cannot in its present form 
be expected to measure monochromatic light exactly right, this agree- 
ment of better than one per cent. using the new luminosity curve, shows 
conclusively that our visual and physical photometric work is throughout 
very satisfactorily consistent. 

But more than that it shows that the discrepancy between the mechani- 
cal equivalent values must of necessity lie in the experimental apparatus 
and manipulation. No question of photometric method or of physio- 
logical or other obscure factors is at issue. Since the luminosity curve 
solution gives the ratio of the green light to the ‘‘white’’ exactly as used 
the new physical photometer might have been employed in the mechani- 
cal equivalent study instead of the eye and the two methods would be- 
come identical and of necessity would agree. 

The answer to this riddle has fortunately been found through the 
accidental omission of the protective water tank in some measurements 
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undertaken with the physical photometer. These indicated at once 
what has since been verified, that there must be an infra-red transmission 
band in the luminosity curve solution as used in the mechanical equivalent 
investigation. The effect of this is to give too large a value to the energy 
measured by that method called (B). 

Fortunately, as was emphasized in the account of that study, the data 
were obtained in such a way that they are available for any re-calculation 
that a change in the units or luminosity curve might later render neces- 
sary. It has therefore been possible to correct the mechanical equivalent 
value as the result of making one comparatively simple measurement. 
That measurement is of the radiant luminous efficiency of the “4-watt”’ 
carbon lamp. As previously made with the unprotected ‘‘Ives”’ solution 
(with which the actual measurements were made, and then corrected to 
Nutting curve values) its value was .0049. As now determined with the 
protective tank of water and the new luminosity curve solution, its value 
is .0043. This means that the value for the lumens per watt of the most 
efficient light, as determined with the “Ives”’ solution is to be increased 
by 12 per cent. The corrected (Ives curve) figure by method (B) thus 
becomes 563.7 X 1.12 = 631. 

The use of the new luminosity curve also affects the value by method 
(C), since the luminous efficiency of the green mercury radiation is now 
reduced to 97.5. Applying this to the quantity tabulated as ‘“‘m”’ in the 
mechanical equivalent work, we obtain the figure 630. In short, the 
effect of the information derived from the development of the physical 
photometer is to rather firmly substantiate a luminosity curve shifted 
somewhat toward the red as compared with the experimentally obtained 
ones, and to harmonize all our previous data on the mechanical equivalent 
of light. As an additional result of our work we therefore announce as the 
corrected value of the mechanical equivalent of light 


1 lumen = .00159 watt of luminous flux. 


(The new value is 2 per cent. lower than the old.) 

Satisfactory as is therefore the final result of the investigation of phys- 
ical photometry, it must not be overlooked that the actual luminosity 
curve which is worked to is only determined by the transmission of a 
certain inorganic salt solution. We would therefore conclude this dis- 
cussion by emphasizing the importance, both from the standpoint of 
developing the physical photometer and for the more accurate fixing 
of the mechanical equivalent of light, of securing a more accurately 
determined luminosity curve directly, using a very large number of 
observers. 

This is a task which could be undertaken with especial fitness by such 
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an organization as the Bureau of Standards. Until the luminosity curve 
of the spectrum is completely determined and exactly matched in the 
sensibility curve of a radiometer the physical photometer can be used 
with entire safety only for those classes of color difference for which it 
has been proved to agree with the visual scale. It is in fact to a certain 
extent empirical in its present form. Where there is any question it will 
be advisable to work over rather small ranges of color difference from 
standards calibrated by the visual method. Obviously monochromatic 
radiations can hardly be expected to measure correctly with any except 
an exact copy of the luminosity curve. 

We emphasize these limitations of the physical photometer here de- 
scribed in order to show in which direction lies the research work which 
shall keep the physical photometer abreast of the probably more exacting 
needs of the future. As far as the present is concerned the emphasis is 
to be placed on the fact that we have here in practical use a physical 
average eye, proven capable of measuring the more usual color differences 
met with in practical photometry, with the same results as are given by 
the method of visual colored light photometry used by us. 


SUMMARY. 


1. A practical physical photometer has been developed suitable for 
colored light photometry in the standardizing laboratory. 

2. A spectral luminosity curve has been determined slightly different 
from one previously published. 

3. A corrected value is obtained for the mechanical equivalent of light. 


PHYSICAL LABORATORY, 
THE UNITED GAS IMPROVEMENT COMPANY, PHILADELPHIA, 
April 20, 1915. 
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A PRECISION ARTIFICIAL EYE. 
By HERBERT E. IVEs. 


The most attractive solution of all problems of measurement which 
depend upon the characteristics of a normal or average eye is to embody 
these characteristics in some entirely physical instrument. Among these 
problems may be mentioned as most important the measurement of 
luminosities of lights of different color, and the measurement of color. 
In each of these cases the value obtained by a single observer, by what- 
ever method employed, is apt to be of little value. Numerous observers 
must be called upon in order to secure an average value. If, however, 
the properties of the average eye can be reproduced in an artificial phys- 
ical eye this troublesome and often impracticable procedure may be 
avoided. 

In a recent paper! a thermopile artificial eye was described, consisting 
of a sensitive thermopile over which is placed an absorbing solution 
whose transmission copies quite closely the spectral luminosity curve of 
the average eye. One objection which might be raised to this instru- 
ment where absolute precision is in question, is that the ‘luminosity 
curve solution’’ must necessarily be merely an approximation to the 
experimentally determined luminosity curves, and therefore not appli- 
cable to all kinds of colors. Furthermore, if it is desired to copy more 
than one curve, as would be the case if color measurement on the three- 
color basis were attempted, the labor of working out the numerous absorb- 
ing solutions may be expected to be well nigh prohibitive. 

The present paper describes a thermopile artificial eye that is not open 
to these objections. It is a precision instrument in the sense that any 
wave-length sensibility curve may be exactly copied. Once the instru- 
ment is constructed the labor of copying additional curves of any type is 
comparatively trivial. 

The apparatus is a modification of the ‘‘ Apparatus for the Spectroscop- 
ic Synthesis of Color,’’ described some time ago.? It consists essentially 
of a spectrometer forming a spectrum which is passed through a template 
and then recombined upon a sensitive thermojunction. By means of 
templates of various shapes the radiation may be evaluated in any desired 
way, as luminous flux, as red, green, or blue sensation, etc. The possibil- 
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ity of doing this was discussed by Strache,’ in his proposal to establish 
the standard of light radiometrically, but to the best of my knowledge 
has never been tried experimentally, probably owing to the lack of suf- 
ficiently sensitive means for the measurement of the small amounts of 
radiant power involved. 

Fig. 1 exhibits diagrammatically the complete apparatus. The image 
of a filament or extended light source L is formed on the slit S by means of 
a lens. A spectrum of this is formed by the prism P at S'. Over this 
spectrum is a template, which may be in the form of a rotating disc, or 
which may be a flat stationary plate, as will be discussed presently. Close 
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Fig. 1. 
Diagram of the precision artificial eye. JL, light source; S, slit; P, prism; S’, spectrum; 
D, disc template; C, condensing lenses; W, tank for absorbing solution; J, thermopile; G, 
galvanometer lead; M, (clock or hand) motor; A, adjusting screw for prism table. 


to the template is a lens or lens system, whose function is to recombine 
the spectrum, forming an image of the prism face in the color of the re- 
combined light upon the thermojunction J. Further details of the ap- 
paratus will be described in the discussion of their functions. Detailed 
information on the method of calculating the openings of the templates, 
etc., is to be found in the paper previously referred to? 

By far the most important point to be determined in connection with 
the development of such an instrument is whether adequate sensibility 
can be obtained. The degree of sensibility required is very high. The 





















336 HERBERT E. IVES. |} meomeng 


radiation to be measured lies of course entirely in the visible portions of 
the spectrum, a region of very low emission in all the artificial light sources 
which would be the subject of measurement. Moreover the intrin- 
sic brilliancy, which is a definite limit to the amount of energy which may 
be received through a dispersing apparatus, is with many light sources 
quite low. These points are illustrated by noting that radiometric 
studies of the visible spectrum have been few, chiefly confined to light 
sources of high intrinsic brilliancy like the Nernst glower or incandescent 
electric lamps. These have intrinsic brilliancies of the order of magni- 
tude of 100 or more candle power per square centimeter, while the glass 
mercury arc or the Welsbach mantle (in the study of which this instru- 
ment is to find its immediate use) drop below 5 of the same units.‘ 

A detailed study of the factors conditioning sensibility brings out 
several points of interest. For a light source of given intrinsic brilliancy 
it is obvious that the amount of energy focused on the thermojunction 
is directly proportional to the width of slit employed (it being understood 
that the entire slit width is filled with the image of the light source). It 
is also directly proportional to the angular extent of the telescope lens 
as viewed from the point of formation of the spectrum. It is directly 
proportional to the vertical height of the spectrum utilizable. It is of 
course dependent also upon the number of reflecting and absorbing media 
used in the prism and lens system. 

Assuming that the spectrometer system has been so designed that a 
spectrum is formed (of sufficient length to be practically handled by a 
mechanically cut template), using the maximum width of slit permitted 
by the purity necessary, of maximum feasible telescope aperture, as con- 
ditioned by the necessary degree of definition; utilizing the greatest 
vertical length of spectrum, as conditioned by the curvature of the slit 
image and the length of the slit image which is of uniform brightness; 
and possessing the minimum number of light obstructing surfaces,—the 
rest of the problem is that of attainable radiometric sensibility. 

Probably the most sensitive means for measuring radiation, suitable 
for the present problem, is furnished by the thermopile with appropri- 
ate galvanometer. Using this combination the problem of sensibility 
consists of two parts, the thermopile problem and the galvanometer 
problem. 

The thermopile problem is of particular interest, for this reason; that 
with the optical arrangement assumed the attainable sensibility is limited 
practically to the intrinsic sensibility of a single junction. This is made 
clear by considering first the recombined spectrum as entirely re- 
ceived upon a single junction. Suppose now it is desired to use m junc- 
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tions; the image of the prism face would have to be 1 times larger, each 
junction would receive 1/n times as much radiation; in other words the 
thermoelectromotive force developed would be the same. If the resis- 
tance of the ” junctions is the same as that of one junction the current 
developed will be the same in the two cases. The only possible gain in 
the use of many junctions therefore lies apparently in the decreased 
resistance which might be obtained by joining the junctions in parallel. 
The resistance of a single junction is however so low in comparison with 
that of the galvanometer that no great gain in sensibility may be expected 
by the use of multiple junction piles. 

This limited condition naturally directs attention to means for secur- 
ing the maximum intrinsic sensitiveness of a thermojunction. In the 
present case use is made of a BiSn-BiSb thermojunction of the evacuated 
type, constructed by Dr. E. Karrer in general conformity with the de- 
sign published by Dr. A. H. Pfund.® This junction, of alloys having a 
higher thermoelectric power than any pure metals commonly used, is 
increased in sensibility five to six times by the process of exhausting the 
containing vessel. It is equivalent to ten or twelve bismuth-silver junc- 
tions. The actual junction used has for receiver a tin plate approxi- 
mately two millimeters square. The image of the prism face, formed by 
a system of three achromatic lenses, is of closely the same area, but 
being round projects a little beyond the junction at each side. Obvious 
improvements would be to furnish the junction with a round receiving 
plate, to secure the equivalent lens system with fewer glass surfaces, and 
if possible reduce the size of the prism image, since the sensibility of a 
junction only increases with the square root of the area. With all these 
changes made however it is doubtful whether the sensibility could be 
more than doubled; hence the use of the vacuum junction gives at least 
five times the sensibility to be expected from any other form now avail- 
able. This factor, in the apparatus constructed, just makes the differ- 
ence between adequate and inadequate sensibility. 

The galvanometer employed is an iron-clad Thomson instrument 
designed by Coblentz. Its resistance is 5.1 ohms. Its sensibility as 
ordinarily used by us is from 2 to 5 X 107". amperes per mm. deflection, 
with a period of three to six seconds. The galvanometer is enclosed in a 
series of soft iron pipe shields, to protect from magnetic disturbances 
(with which we are not however much troubled in our laboratory), and 
is carried on a Julius suspension to protect it from mechanical vibration. 
This latter is a very serious problem with us, as a 20-inch gas main direct 
from the near-by gas pumping station makes a right angle turn only 
thirty feet from the laboratory. Every throb of the pump was reflected 

































338 HERBERT E. IVES. eo 


in a centimeter jerk of the galvanometer when this was mounted merely 
upon a heavy pier. The Julius suspension, constructed closely in accor- 
dance with the original publication of Julius,® entirely eliminated this 
trouble. The control magnets are mounted partly on the suspension 
(which is locked to a surrounding ring when these are being adjusted) 
and partly on the top of the shielding system. The latter magnets are 
used almost solely for turning the mirror to bring it in the proper part 
of the scale. The whole system—galvanometer, shields, etc.,—is mounted 
inside an enclosing box which prevents air drafts from starting long 
period swinging. These details are mentioned in order to show that the 
apparatus, although possessing high sensibility, is not impractical in 
form for the average laboratory, where conditions should be much better 
than in our own. 

The first template tried was in the rotating disc form, shown in the 
figure at D. This was cut to the visual luminosity curve as recently 
fixed upon by work reported in this journal,! correcting for the absorp- 
tion of the prism, shown in Fig. 2. Using a carbon lamp as the light 
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Spectral transmission of prism used in precision artificial eye. (Measurements made on 
block of identical glass supplied by makers of prism. Thickness 9 cm.—that of light path 
through prism—refractive index 1.6181.) 


source, and a slit width of about 50 A.U. in the green, deflections of five 
or six centimeters were obtained, demonstrating the feasibility of the 
scheme. 

It had been anticipated, however, that one of the practical difficulties 
would be the presence of scattered radiation, due to the hundred-fold 
greater amount of invisible than visible radiation. It was thought to 
eliminate this in part by the use of a water tank W before the thermojunc- 
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tion, but it was soon suspected that some still remained. <A test exper- 
iment verified this suspicion. A solution of iodine in carbon disulfid 
was prepared of such concentration that only the deep red and violet 
were transmitted. The red and violet ends of the spectrum formed at 
S' were covered with opaque screens, and the light exposed. A deflec- 
tion of about ten per cent. that previously found was now obtained. 
This amount of scattered radiation in spite of the presence of the water 
tank, and the great length of the spectrometer system, appears to the 
writer to cast considerable doubt on the accuracy of data on the visible 
end of spectral energy distribution curves obtained without the use of 
most elaborate means for eliminating such errors.’ 

To remove the disturbing infra-red radiation recourse was made to a 
screen of copper chloride, in place of the water at W. A three per cent. 
solution of one centimeter thickness was found best suited to meet all 
requirements. When using this screen of course the template trans- 
missions must all be increased by the reciprocal of the transmission of 
the copper chloride. This involves the exact determination of this 
transmission by the spectrophotometer, whereby an undesirable but 
apparently unavoidable element of uncertainty is introduced. The 
necessity for uniform temperature also enters owing to the temperature 
coefficient of transmission of the copper chloride. It is possible that 
a copper glass would serve in place of the solution and be free from 
the last objection, which however is not at present serious. 

As the labor of cutting the disc template is considerable it was decided 
to make the new curve in a fixed form. This is possible in the present 
arrangement where it was not in the original synthetic color apparatus? 
because in the latter the eye was used at the observing slit, and the aper- 
ture of the eye imposed an impractical limitation to the possible slit 
length. Where it is possible to cast upon the slit S a long uniform image, 
such as that from an incandescent lamp filament, the use of a fixed tem- 
plate is much the simplest scheme. It is only necessary to be sure that 
the whole width of the spectrum used receives light from the whole of 
the prism face, which may be tested by moving the eye up and down the 
vertical length of the spectrum. An advantage of the fixed template is 
that no motor is necessary. The latter, by the way, must in working 
near a sensitive galvanometer, be clock or hand driven. 

To cut the new templates a photographic method was employed. The 
curves desired were calculated and then laid out on a large scale with 
drawing instruments. The parts desired opaque were painted black, 
and the reference wave-length line (.5461) clearly marked at the ends of 
the sheet. This was photographed down to the correct size and the 
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negative, which was made thin, was painted in the exposed parts with 
opaque pigment. From this a thin print on glass was made which was 
in turn painted with opaque paint by carefully following the edges of the 
exposed portions. By taking such precautions as printing in a printing 
frame with a black velvet back, and not carrying the development far 
it is possible in this way to secure beautifully clear and (with ordinary 
draftman’s skill in the painting) accurate templates. Fig. 3 shows the 





Fig. 3. 


Drawing for stationary template. Top, luminosity curve. In order, blue, green and 


red sensation curves. 


template so constructed. It has upon it the luminosity curve of the spec- 
trum, and the red, green and blue Koenig sensation curves. The pe- 
culiar spreading at the red end is called for to offset the absorption of 
the copper chloride. 

This glass template was mounted with adjustable clamps upon a brass 
frame sliding in accurate tracks, as shown in the figure (the upper ‘‘end 
view’). Tests of this arrangement showed entire absence of scattered 
radiation. It was then tried out on the same test colors used in the 
work on the thermopile artificial eye previously described.1 With the 
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standard carbon lamp it was found possible to obtain deflections of 20 
centimeters and over (workable deflections were obtained with a Cooper- 
Hewitt mercury arc), but more satisfactory results were given by keeping 
the deflections down to three or four centimeters by the introduction of 
extra resistance in the galvanometer circuit. Measurements made on 
the test colors showed very satisfactory agreement with the visual values. 

In addition to the measurement of relative luminosities this instru- 
ment may be used for color measurement by the three-color system. It 
is only necessary to have three templates each cut to represent the mix- 
ing proportions throughout the spectrum of one of the chosen primaries 
and measure the relative deflections through these. The logical prim- 
aries to choose are the fundamental sensations, for instance as determined 
by Koenig.’ (Measurements in terms of these may be transformed into 
the values obtained by using other primaries or into hue, luminosity 
and purity values.) These curves have been reproduced in the glass 
template shown in the figure, the energy distribution of a black body at 
5,000° abs. being taken as “‘white,’’ and have been tried out for actual 
color measurement. 

A 3.1 w.p.c. carbon lamp was measured, the values for the three sen- 
sations coming out: 


R = 50, 
G = 43, 
V = 7. 


Values which I calculated some years ago,’ on an assumed distribution 
of energy for the carbon lamp were: 


R= 5l, 
G = qI, 
V= 8. 


It will be seen that these values are reasonably close to each other. 
There is at present no criterion by which to decide that the measured 
values are not the correct ones. This measurement of color is in- 
tended to be merely illustrative. A table of values on artificial illumi- 
nants may later be compiled and published. 

Certain refinements are suggested on this first apparatus. For in- 
stance, the possibility of scattered light affecting the results could be 
met by covering each template opeining with a colored glass approximat- 
ing the curve desired, letting the shape of the opening merely take up 
the difference between the glass transmission and the true curve. Thus 
a thin sheet of gold ruby for the red, a sheet of ‘‘pot’’ green glass for the 
green, a piece of ‘signal blue,’’ for the blue would admirably meet the 
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requirements. In each case of course the spectral transmissions of the 
glasses would have to be accurately determined. 

Now as to the uses of this precision artificial eye. First its uses in 
photometry. Here its chief application will be in the measurement of 
the transmissions of colored absorbing media to be used in eliminating 
color differences upon the photometer. With templates cut, as has 
been explained, exactly to a legalized luminosity curve of the spectrum, 
an instrument of this type is calculated to become a standard artificial 
eye, suitable for the foremost standardizing laboratories. 

Second, its uses in color measurement. Here its chief application will 
lie in the measurement of the colors of illuminants. The general loose 
descriptions of lights as ‘‘snow white,” etc., can be superseded by exact 
evaluation in definitely established units, which may be made without 
dependence upon the visual characteristics of a chance observer, or the 
necessity for comparison with a concrete color standard. The colors 
of glasses or other transmitting media may be determined with this 
instrument. These may be measured over some convenient light source, 
such as a carbon lamp, or if desired the templates may be so cut that 
while actually using a source of known energy distribution quite different 
from white light the results are in terms of the white light transmissions. 
In order to do this it is only necessary to determine with accuracy the 
spectral energy distribution of some convenient light sources in the vis- 
ible region, a task of some delicacy but nearer practicability now than 
formerly. 

As an illustration of a technical application of the device may be sug- 
gested the inspection of colored glass such as ‘‘daylight glass.’’ Having 
determined what a correct sample (as fixed by the use of this same in- 
strument as a synthetic color producer)? should measure when interposed 
over any convenient reproducible standard light source this value could 
be plotted on a color triangle, and to establish a tolerance limit a circle 
of size to be agreed upon by the parties interested could be drawn from 
this point as center. The sum of the three measured values would afford 
a check on any admixture of black which might decrease transmission 
without altering the color. Or a measurement of total transmission 
could also be made with the luminosity template. By this means 
the measurement or inspection of colored glasses could be made an exact 
problem. (A similar scheme giving results in entirely arbitrary units 
could be worked out, using three color-screens of overlapping trans- 
missions. The instrumental sensibility required for this scheme would 
be far less than for the precision device.) 

The description of the instrument as constructed is given here chiefly 
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to show that such a device is actually feasible, with the instrumental 
means now at the disposal of the physicist. It is limited in its appli- 
cation to those cases where a relatively large amount of light is available, 
as has been indicated, but these cases are sufficiently numerous to offer 
a large field of usefulness. It is to be confidently hoped that the near 
future will disclose means for considerably increasing the sensibility, 
perhaps by as much as five or ten times. It is to be expected that a de- 
tailed study of the present instrument will show possibilities for con- 
siderable improvement even with present radiometers. Such improve- 
ment as increased aperture and reduction of the number of reflecting 
surfaces would help materially. The thermopile can undoubtedly be 
somewhat better calculated for its purpose, by making the receiver 
round, and perhaps under some conditions by a parallel connection of 





Fig. 4. 


Photograph of precision artificial eye. 


several junctions. There is besides the possibility that some more sen- 
sitive thermojunction will be developed (for instance bismuth-tellurium) 
which would be entirely satisfactory as a vacuum instrument for use with 
visible radiation only, restrictions which while serious in some work 
would not be at all so for this purpose. Could the wave-length sen- 
sibility curves of sensitized photo-electric cells'® be controlled another form 
of radiometer might be utilized. Whatever may be the development of 
the future the writer wishes to emphasize that the first step has been 
taken, a precision artificial eye has been constructed and is in use. 

I take pleasure in acknowledging my indebtedness to Mr. E. J. Brady, 
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Mr. E. F. Kingsbury and Dr. E. Karrer, who have cooperated with me 
at one stage or another in the development of the instrument. Special 
acknowledgement is also due to Mr. Charles B. Smith, whose mechanical 
skill and practical suggestions contributed substantially to the success 
of the work. 
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MOBILITY OF THE ION. 


THE MOBILITY OF THE POSITIVE AND NEGATIVE ION 
AT DIFFERENT TEMPERATURES AND AT 
CONSTANT GAS DENSITY. 


By Henry A. ERIKSON. 


HE object in pursuing the present investigation was to obtain 

evidence as to what change takes place in the size of the positive 

and negative ion in air when the temperature is altered, the density of 
the air being kept constant. 

Evidence that a change takes place at temperatures less than 0° C. is 
offered by the results obtained by Phillips' and Kovarik? who indepen- 
dently determined the mobility at different temperatures. These 
results, however, were obtained at constant gas pressure and, therefore, 
do not necessarily indicate what happens when the density is kept con- 
stant, since the conditions to which the ions are subject in the two cases 
are not the same. 

The method used was Rutherford’s alternating field method as modi- 
fied by Franck and Pohl. This method, from the standpoint of con- 
venience, is well adapted for an investigation of this kind. 

Fig. 1 is a diagram of the apparatus and experimental arrangement. 

A is a cylindrical vessel that has a radius of 6.2 cm. and a depth of 
3.2 cm. 8B isa circular plate that has a radius of 5 cm. This plate is 
supported by the insulated stem C, and through it is connected to a 
quadrant electrometer. In order to reduce heat conduction a portion 
of the stem C is of glass. One centimeter above B is another plate D, 
of same diameter as B. The opening in D has a radius of 3.8 cm. and 
is covered by a brass wire gauze having nine meshes to the centimeter. 
The ring D is supported by means of three rods of quartz. A small 
polonium plate is attached face up at the center of the gauze. Another 
plate E is placed 4 mm. above D, and is supported and insulated from D 
by means of the three quartz rods. 

The rays from the polonium ionizes the air between the plates D and 
E, which are kept at a difference of potential of about 0.8 volt by means 
of the battery F. The positive or negative ions as the case may be are 


1 Phillips, Proc. Roy. Soc. LX XVIII., 1906, p. 167. 
? Kovarik, Puys. Rev., XXX., April, 1910. 
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driven towards the gauze through which some of them pass and thus 
become subject to the alternating field that is produced when the tuning 
fork alternately connects D to the positive and negative poles of the 
battery G. The wires connected to plates D and E pass through two 
quartz tubes placed one inside the other. For determining the tempera- 
ture, a constantine wire is connected to the copper wire attached to E. 
These two wires pass without touching through the outer quartz tube. 




















Fig. 1. 


These tubes are held in place and made air tight by means of a hard 
wax. The ends of the upper and lower stems of the apparatus are 
kept at a safe temperature by means of water jackets placed as shown 
in figure. 

This tuning fork method for shifting the polarity was found to be 
very satisfactory. Hand J are twoiron mercury cups of 8 mm. diameter. 
Contacts with the mercury in these cups are made through steel needles 
attached to the prongs of the fork. It is possible to adjust so that the 
mercury makes no perceptible vibration thus giving regularity of contact. 
Since it is difficult to secure the same interval of contact for each of 
the points a reversing key J was introduced and the average of an equal 
number of readings for each point was obtained. 

By suitably adjusting the frequency of the fork and the potential of 
G some of the ions will reach the plate B before the field is reversed. 
The total charge then given to B in a given time may be measured by 
means of the electrometer. 

This arrangement gives rise to the following relation: 
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field is alternating, 
d 


v 


A 


the mobility. 


or 


2 


the distance between the plates, 
n = the frequency of the fork, 
the difference of potential between B and D, 
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y 
i(>- 


dnt’ 
kv 





i = the current that flows through the gauze, 

t = the time to charge the plate B to a given potential when the 
field between B and D is constant, 

the time to charge the plate B to the same potential when the 


In this equation d’n/kv is the time consumed per second by the ions 
in passing from the gauze to the plate B. 
From the above relation we see that: 





d [{2t 2d? 
de (=) = i , a constant. 


This shows that the current in the case of the alternating field which is 
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shown graphically in Fig. 2. 


In terms of this frequency 
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Fig. 2. 


40 


proportional to 1/t’ is a linear function of m the frequency of alternation. 
That this holds is borne out by experiment the results of which are 
By prolonging the line until it cuts the y 
axis we obtain the value of m, the frequency, for which ¢’ becomes infinite. 
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2d°n 
V 
The above method necessitates the changing of the frequency of the 


fork. As this, in the case of the fork used, was not convenient, the 
mobility was calculated by means of the equation 





k= 


a 2nd°t’ 
~ Vi(tt — 2t)’ 





k 


which is obtained by solving for k in equation (1). Since d, and v 
are kept the same they may be determined once for all, and therefore 
only ¢ and ?¢’ remain to be determined at the different temperatures. 
It was found necessary to determine ¢ at each temperature because it 
does not remain constant as the temperature is changed. This change is 
undoubtedly due to a greater diffusion of the ions to the gauze as the 
temperature is raised. The value of ¢ is greater for the negative ions 
than for the positive. This is what should be expected in view of the 
greater diffusion of the negative ions. Another effect is noticed in the 
case of ¢. As the voltage applied from the battery F is increased from 
zero, the current at first increases and then diminishes. The reason 
for this decrease of the current through the gauze is undoubtedly due to 
the greater number of ions drawn to the gauze at the higher voltage values. 
By measuring ¢ at each temperature the method becomes independent 
of these changes. There are, however, several possible sources of error 
that must be considered. When the temperature is altered convection 
currents arise. Care was taken to have the vessel well surrounded by 
the heating or cooling medium. The metal wall of the vessel is 1.3 cm. 
thick, which also aids in securing uniformity of temperature. Further- 
more since the field employed, 120 volts to the cm., was such as give 
the ions a velocity of over 100 cm. per second the convection currents 
present in this case can have but a small effect. Tests made under con- 
ditions most favorable for’these currents seemed to show no effect. The 
effect of diffusion to the sides owing to the nearness of the plates is 
negligible. 

An uncertainty enters in connection with the conditions at the gauze 
at the different temperatures. During the application of the reverse 
field the ions are driven back giving rise to a greater ionic density near 
the gauze which when the direct field comes on may result in a greater 
current through the gauze than the steady current measured by ¢. Also 
since the diffusion is different at the different temperatures the ions may 
not have the same starting point under all conditions. Furthermore, 
there is an uncertainty in connection with the potential gradient at the 
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gauze and plate B. How important these considerations are is difficult 
to say. The method seems to give good values as compared with other 
methods. In the table below are given the results, in the order obtained, 
for the mobility of the positive and negative ions over a temperature 
range from — 21° C. to 63° C. The air involved in this set was dryed 
by passing through a tower of CaCl and then through a specially de- 
signed drying tube immersed in liquid air. Before leaving this tube the 
air passed through glass wool. The chamber before filling was left 
evacuated for twelve hours and was also evacuated several times during 
filling with the dry air. The vessel, however, was not heated during the 
process of filling. 
The pressure of the air. was 73.5 cm. at 24.5° C. 








TABLE I. 
a 
— 184 —— co) 24 33 45 63 
1.375 1.340 1.318 1.193 
1.366 1.305 1.307 1.213 
1.334 1.333 1.208 1.216 
1.327 1.327 
1.359 
1.368 
1.392 1.366 
1.321 1.379 
1.321 
1.322 1.404 ae 
1.20 1.321 1.361 1.364 1.326 1.278 1.207 
— 184 | at fc) 24 33 45 | 63 
1.833 | 1801 | 1.807 | 1.721 
1.794 | 1.768 1.827 1.790 
1.750 | 1.763 1.795 | 1.677 
1.602 1.707 | 
1.503 
1.495 
1.490 1.666 
1.638 1.576 
1.543 | 
1.607 1.524 | a 
1.24 1.596 1.522 1.693 1.777 1.809 1.729 


In Fig. 3 the average values are shown graphically by curves A and B. 
It is seen that the positive mobility is a maximum between the room 
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temperatures and zero degrees. The different values are quite regular 
and may be repeated with fair agreement. 

The negative values, however, are quite erratic. It is seen that the 
ratio k_/k, is normal at room temperature just after filling with the 
dry air. As the temperature was raised the value of the mobility 
diminished. When the vessel had cooled to room temperature it was 
found that the mobility was less than the value obtained at room tempera- 
ture before heating and the same effect repeated itself after each suc- 
cessive heating. Apparently vapor is liberated from the apparatus during 





PC. 
Fig. 3. 


heating that reduces the mobility. Upon cooling to zero there is a large 
decrease in the mobility. Upon further cooling the mobility is greater 
than at zero indicating a dryer state due to deposit of moisture on walls 
of vessel. 

After the above readings were obtained the vessel was evacuated and 
kept at a temperature well over 100 C. for an hour or more. It was 
then evacuated filled several times while hot with air dried by passing 
through CaCl. and the tube immersed in liquid air. In Table II. are 
given the results obtained with this sample of air. The results are 
arranged in the order obtained beginning in each case with the value 
at 24° C. 

These results are shown graphically in Fig. 3 by means of the curves 
C and D. In this case the variation of the mobility of the positive ion 
is quite similar to that of the preceding case except that the diminution 
is somewhat greater at the higher temperatures. In the case of the 
negative ion there is a less sudden decrease from room temperature to 
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TABLE II. 
os 
' —21 ° 2 38 52 7° 
1.361 1.206 | 1.142 1.096 
1.365 1.330 | 
1.322 1.212 | 1.206 
1.331 | 1.107 
1.30 1.327 1.209 | 1.178 1.101 
7 —21 ° 24 | 38° 52 70 
1.882 1.84 1.687 1.534 
1.755 1.825 
1.812 1.78 1.716 
1.685 1.487 
1.663 1.740 | 1.81 1.701 1.510 


zero but a greater decrease at the higher temperatures. The vessel 
was then evacuated and filled with air that had been allowed to bubble 
through water before entering the chamber. The results obtained are 
given in the Table III. 





TABLE III. 
+ — 
. 24 45 84 110 24 | 45 84 110 
1.321 1.560 
1.326 1.12 1.592 1.625 


1.330 1.295 1.042 1.547 | 1.543 1.600 — 


These results are shown graphically by means of curves E and F in 
Fig. 3. 

It is seen that the variation of the positive mobility is in this case 
about the same as in the case of the drier air used in the two preceding 
cases. The negative shows a maximum at a higher temperature but on 
the whole does not vary greatly over the temperature range employed. 
On account of deposit of moisture on the insulation no values for zero 
degrees or lower were obtained. 

The vessel was now evacuated and heated to about 100° C. and kept 
at this temperature for a period of about five hours. During this period 
the pump was operating constantly. A very small stream of air from a 
tower of CaCle was allowed to pass through the vessel during this time. 
Finally the vessel was evacuated while hot, filled several times with air 
passed slowly through the tube immersed in liquid air. 
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In the Table IV. are given the results obtained in this case. 








TABLE IV. 
7 en 
pe Se a : a | =» | % 48 7 =| 7 
1.398 1.287 | 1.206 | 2.032 2.094 2.080 | 
| 


1.366 | 1.167 1.846 1.959 
These results are shown graphically by means of curves G and H in 
Fig. 3. It is seen that the variation of the positive mobility is about the 


same as obtained in the preceding cases. The negative shows a marked 
variation and has a maximum at a higher temperature than before. 


DISCUSSION OF RESULTS. 


In seeking an explanation for the variation of the mobility of the posi- 
tive ion the question of clustering immediately presents itself. Since, 
however, the mobility of the positive ion is quite independent of the 
presence of moisture and also since the variation with temperature is 
also quite independent of the condition of the air, an explanation based 
on clustering seems difficult. It is possible that something is driven from 
the wall of the vessel during heating for which the positive ion has a 
special attraction. It thereby becomes loaded and moves more slowly. 
It hardly seems probable, however, that it would unload again as the 
temperature is lowered; moreover this would not explain the decrease 
that takes place below the temperature for which the mobility is a 
maximum. Definite conclusion on this point will have to be postponed 
until a more rigid investigation has been made. The variation of the 
mobility of the negative ion seems to show the effect of clustering due 
to moisture combined with a variation similar to that observed in the 
case of the positive ion. Not sufficient data has been obtained, however, 
upon which to base any conclusion. 

In connection with the observed variations an indication based on 
theory is of interest. Some time ago Wellish’ suggested that the appar- 
ently large volume of the ions is due to the effect of the charge upon the 
mean free path, and showed that the polarization of the adjacent mole- 
cules due to the ionic charge results in an apparent increase in the radius 
of the sphere of action. A little later Sutherland* by taking into account 
cohesion and electrical attraction evolved the following expression for 


1 Wellish, Phil. Trans., A, Vol. 209, p. 249, January, 1909. 
2 Sutherland, Phil. Mag., 6-18, September, 1909. 
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the mobility of an ion moving in a gas under the action of an electric 


field. 


dE 
kb — . dx . 
4n (7 mms ‘) g(ai+a3) +6(a1 +43) : 
3 Naar tas) 3 m,+ms3 a dl M303" 
| 
where 


N; = number of molecules per cm..,* 
a; + a3 = the distance an ion and molecule must approach for collision, 
m, and ms; = mass of ion and molecule respectively, 
g(ai1 + a3) and @(a; +43) are functions depending respectively upon 
cohesion and electric action. 

By considering N; constant and placing 


= kT, 
2 


where T is the absolute temperature, there results for the mobility 
AVT 
T+ 
By differentiating with respect to T and equating to zero we see that 


k is a maximum when JT = C. The variation obtained, however, is 
greater than expressed by this equation. 


SUMMARY. 


The mobility of the positive and negative ions in air at atmospheric 
density has been measured at different temperatures by means of an 
alternating field method. 

It was found that under the above stated conditions the mobility of 
the positive ion is a maximum at about 0° C. The mobility of the 
negative ion also shows a maximum but is more erratic in its behavior. 
No definite conclusion has been reached but it seems that the variation 
of the positive mobility is not due to clustering. The variation of the 
negative mobility, however, seems to be due to clustering combined with 
an effect similar to that causing the variation of the positive mobility. 

In connection with this investigation I wish to express my thanks to 
Professor John Zeleny and Professor A. F. Kovarik. 


PHYSICAL LABORATORY, 
UNIVERSITY OF MINNESOTA, 
May, I915. 
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A LENS REFRACTOMETER. 


By H. F. DAwWEs. 


HE following is a description of a convenient type of refractometer 
for liquids which depends on the fact that the power of a lens 
surface is a function of the refractive index of the substance in optical 
contact with it. 
The principle of the arrangement is illustrated in Fig. 1. ZL is a double 
convex lens silvered on the surface A. M isa plane-parallel glass plate 
x fy which touches LZ at B. A drop of the liquid whose 
i index is to be found is placed between L and M. 
P is an object point so adjusted that the light which 
traverses the system to the silvered surface returns 
to form an image coincident with the original ob- 
ject. The position of P depends on the index of 
the liquid and may be used to find this index; the 
relation between the two may be found in the fol- 
lowing way: 
Notation.—Index of lens substance, 2; unknown 
index, x; distance from B to P for adjustment 


L M described, p; radii of curvature of surfaces A, B; 
7 < wt, & 


mA The optical power of the refracting system is 
et (x—n)/s. The distance, p’, from B to the image of P 
formed by this refracting system is given by 








Since the light must be incident normally on the surface A in order that 
it may be reflected as required, this image distance must equal the radius 
of curvature of A. 


nN I xn 


s Ss 
Hence -——-=—,or,x=n{ict+ -}--. 
s r p 


In working out this relation the thicknesses of lens and plate, which 
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are small quantities, are neglected. The more exact formula which 
takes these into account is 
s 


s 
a a 
“ n( TI ee 
Pt +> 





(t is thickness of lens, ¢’ is thickness and n’ index of plate). 

The relation is thus of the form x = c,—cs/(p—c3) where the c’s are 
constants. This comparatively simple relation makes the arrangement 
particularly suitable for a calibrated instrument with a scale from which 
the index corresponding to any setting may be read off. The calibration 
may be done by calculation from the above formula if the optical con- 
stants are known; otherwise a number of readings may be taken with 
liquids of known index and a calibration curve constructed. 

Details of construction.—The object of which P is the axial point con- 
sists of the cross-hair of a collimating eye-piece, or better, a small grid 
ruled on glass. Image and object coincide at their axial points and are 
equal in size (but inverted) ; the advantage of the grid is that the adjust- 
ment may be assisted by testing for equality of object and image as well 
as for coincidence by the parallax method. The cross-hair or grid will be 
illuminated by the monochromatic light for which the index is required, 
the light being concentrated on the object by means of a small con- 
densing lens of suitable aperture. 

The tube carrying the plate M/ telescopes into the eye-piece tube by 
means of a spiral screw; by this means the distance from B to P is adjus- 
ted. The calibration scale follows the screw motion. The range of val- 
ues of « required in practice extends from about 1.3 to 1.75, though it is 
advisable to be able to set the system for x equal to 1, 7. e., for air in con- 
tact with the lens). 

The lens slips into place in contact with M by means of a spring clip; 
it may be readily removed to place a drop of the liquid under test or to 
clean away liquid. 

The whole system, must of course, be carefully centered and the sur- 
faces optically worked. 

In a typical system the following were numerical values. Index of 
glass, 1.544; radii of lens surfaces 41.2 cm. each. The values of p in 
sodium light for air, water and glycerine were; 19.71, 23.44, 25.51 cm. 

Dispersion.—It is supposed that monochromatic light is used so that 
the calibration scale corresponds to some selected color. If the index is 
required for any other color the reading must be corrected for dispersion. 

To determine this correction consider the light for which the indices 
of glass and liquid are » + dn and x + dx. If the refractometer is 
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adjusted in this light the distance from P to B will be p + dp, given by 
the equation 
s 


p+dp 


The value of the index read off from the scale for this setting is 





x + dx = (n+ dn) (1+ *) - 





a hee 
ni{r1i+ YTS 

Hence the value read from the scale must be corrected by adding to it 
dn (1 + s/r). Since this correction depends only on the constants of 
the lens it is necessary to draw up once for all a table of corrections cor- 
responding to the different monochromatic lights available or to con- 
struct a curve showing the relation between wave-length and correction. 

Sensitiveness.—The axial distance a by which object and image may 
be separated without showing parallax may be used to find a criterion 
for sensitiveness. For such a small distance of separation the correct 
position will lie practically midway between object and image. Hence 
dp the extreme error in p will be a/2. The corresponding error in x is 
dx, equal to 

s s 

P dp = Pp 

It appears then that the most advantageous construction is that for 
which is large and s, a, small. Increase in the value of the first of these 
is limited, by convenience of working, to something of the order of 25 
cm. so that this may be taken as a maximum value for this quantity. In 
considering the effect of p on the sensitiveness, it may be noted inciden- 


N18 


tally that a given instrument is more sensitive for the more highly re- 
fracting liquids since for these the values of p are larger; the calibration 
scale therefore becomes more open as it passes from low to high index. 

The second factor, s, which enters into the sensitiveness may be di- 
minished until the smaller aperture made necessary by the increase in 
curvature results in an increase in a. When the above two factors have 
been chosen the value of the other quantity which enters into the con- 
struction, namely, 7 the radius of curvature of the reflecting surface, is 
determined by the fundamental equation. Its value is given by sub- 
stituting the selected values for p and s, the value of the index of the glass 
from which the lens is to be made and the maximum value of the un- 
known index for which the instrument is to be used. 

The value of the third of the quantities affecting the sensitiveness, a, 
depends on the angular aperture of the pencil of-light which forms the 
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image, on the aperture and power of the eye-piece which is used to exam- 
ine the image and on the resolving power of the eye itself. Under fa- 
vorable conditions a may be as small as .or cm. With this value the 
above limit of error in the unknown index will be .o004 for the instrument 
whose dimensions are given in a previous paragraph so that the value 
of the index may be readily obtained to better than the third decima] 
place. As a matter of fact the error need not be nearly so great as the 
above for one may obtain a more accurate value by taking the mean of 
the two settings for which parallax just begins to appear (i. e., image dis- 
tance just too great and just too small). It will be seen that the instru- 
ment is quite as sensitive as the calibrated type of total reflection re- 
fractometer. 


McMASTER UNIVERSITY, 
TORONTO, CANADA, 
May 24, I9I5. 
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A NEW FLUORESCENCE SPECTRUM OF URANYL AM- 
MONIO-CHLORIDE. 


By Epwarp L. NICHOLS AND ERNEST MERRITT. 


HE spectrum of a sample of uranyl chloride (from Kahlbaum) 
when excited to fluorescence at the temperature of the room was 
measured by the present writers in 1911.!_ Like the fluorescence spectra 
of other uranyl salts it was found to consist of a series of nearly equidistant 
bands extending from the red to the blue. The crests of the six brightest 
bands, according to our observations, were at .5928u, .563Iu, .5369u, 
.512Iu, .4950u, and .4769u. At low temperatures this spectrum, which 
is comparatively feeble at + 20°, is resolved into a complex of very nar- 
row bands similar to those described,’ in the case of the other urany] salts, 
by J. Becquerel and Onnes. 

In the preparation of uranyl compounds, undertaken for us in the 
chemical laboratory of Cornell University by Mr. G. O. Cragwell a uranyl 
salt was obtained in the form of tri-clinic crystalline plates which we 
have since found to have the composition UO2Clz - 2NH,Cl + 2H.0O. 

These crystals are strongly fluorescent, and the fluorescence spectrum, 
unlike that of the other uranyl salts thus far described, is resolved 
at room temperature into at least eight groups of narrow bands. Each 
group, which corresponds to a single band of the ordinary uranyl fluores- 
cence spectrum, consists of five nearly equidistant bands. 

The symmetry of this spectrum, as it appears to the eye when viewed 
with a spectroscope of moderate dispersion, is most striking. While 
not so narrow as some of the line-like bands of uranyl spectra when 
excited at the temperature of liquid air, the bands are well separated 
from their neighbors and are about 18 Angstrém units in width or one 
tenth as wide as the bands of the ordinary type of the uranyl fluorescence 
spectrum at + 20° C. Each group of five, indeed, occupies approxi- 
mately the same space in the spectrum as an ordinary single band. 

The distribution of intensities within the group was determined for 
the visually brightest group (.5302 --- .5114), by means of the spectro- 


1 Nichols and Merritt, PHys. Rev. (1), XXXIII., p. 355. 
2 J. Becquerel and Onnes, Leiden Communications, 110, 1909. 
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photometer. The results are given in Table I. and are shown graphi- 
cally in Fig. I. 


TABLE I. 
Iniensities of Bands in Group 6. (Excited at + 20°.) 

Band. Intensity. 
.5302u 18 

.5253 33 

.5203 24 

alot 11 

.5114 a 


1 Visible but too dim for spectrophotometric measurement. 


The curve (Fig. 1) which forms an envelope of the group of bands is 
Of the same type as that for the distribu- 
tion of intensities in a single band of the 





ordinary uranyl fluorescence spectrum and 
of the envelope of the set of bands in such [30 
a spectrum and is also similar to curves 
of distribution of the fluorescent spectra 
having a single broad band, such as re- 
sorufin.! 

The effect of cooling is likewise analo- |g 
gous, the envelope for — 185° being nar- [| 
rower on account of the great relative re- 
duction in brightness of the outlying mem- 
bers of the group. All the bands are shifted 
in position as well as changed in intensity 
in a manner to be described in a subsequent paragraph. 

To determine as closely as possible the wave-lengths of the bands, 














photographs of the spectrum were taken. Fluorescence was excited 
by means of the carbon arc, the light from which passed through a 
screen opaque to rays of wave-length greater than about .45u4 and was 
focused upon the crystal. Various exposures were employed on account 
of the great differences in the intensity of the bands and special plates 
were used for the red end of the spectrum. The exciting light was ex- 
cluded from the camera by the use of suitable screens opaque to the blue 
and violet except where the absorption spectrum was to be recorded. 

The various negatives were measured by mounting them on a microm- 
eter stage in the field of the lantern. The micrometer screw was care- 
fully calibrated so that wave-lengths could be determined by measuring 
the distance of the crests of the bands from certain reference lines of 
the mercury spectrum which was photographed on each negative so as to 
overlap the fluorescence spectrum. 


1 Nichols and Merritt, l. c. 
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This method of projection was found better than the use of the com- 
parator commonly employed in the measurement of line spectra, because 
of the hazy character of the bands and because bands that are so weak 
and vague as to be invisible even under a low power microscope could 
be seen and located by means of the lantern. Many measurements of 
the stronger bands were made with comparator as a check on the deter- 
minations with the lantern. 

The results of these measurements confirmed to a remarkable degree 
the apparent symmetry of the spectrum. When all the bands are 
plotted on a large scale, in a diagram with the reciprocal of wave-lengths 
as abscissae, the spectrum is seen to consist of eight groups of five bands 
each as already described. The bands of each group are very nearly 
equidistant, and corresponding members of the groups form an homo- 
logous series of equidistant bands. This interval moreover is very 
nearly the same for all five of these homologous series; but although the 
departures from equality are of the same order as the errors of measure- 


: an. ualpllal 


Fig. 2. 
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ment there is strong reason to regard them as real. Finally the groups 
taken as units and counting from their centers (obtained by averaging 
the frequencies of the bands in each) are equally distant within the errors 
of measurement. 

The location of the various bands, as determined from the photographs, 
are given in Table II. The positions of the bands and their relative 
intensity, as estimated by the eye, are shown in Fig. 2. Horizontal 
distances are plotted on the scale of frequencies, the corresponding wave- 
lengths being indicated for convenience. In group 1, which lies in the 
red, band ¢ is missing while in group 8 only the strongest band (c) was 
visible in any of the photographs. 

This spectrum approximates very closely, 7. e., in most cases within 
or almost within the errors of observation, to a series of equidistant 
groups each consisting of five equidistant bands; distance being expressed 
in frequency. Were this strictly true the frequency interval of the 
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TABLE II. 
Observed Positions of Bands at + 20°. 





‘ Group. Band. | A 1/AX 103 Group. Band. | A 1/AX 103 
i ae | = as 
| 6b 6804 1,469.7 b 5547 | 1,802.8 
| ¢ 6711 1,489.9 c 5493 1,820.5 
1 | 4d 6635 1,507.1 5 d .5437 1,839.4 
| oe 6585 1,521.8! e .5387 1,856.0 
| a 6501 1,538.2 a 5344 1,871.2 
b 6438 1,553.3 b 5302 1,886.1 
| « 6356 | 1,573.4 ¢ 5252 1,904.0 
2 | od .6293 1,588.9 6 d 5201 1,922.6 
| oe | 6230 | 1,605.1 e 5157 1,939.2 
|g .6167 1,621.5 a 5114 | 1,955.3 
b .6101 1,638.9 b 5076 1,970.1 
c .6039 1,655.9 C 5035 | 1,986.2 
3 | d .5978 1,672.8 7 d 4986 2,005.7 
¢ 5919 1,889.4 e 4944 2,022.6 
a 5862 1,705.9 a 4906 2,038.3 
| 5814 1,719.9 b 4870 2,053.3! 
| 5751 1,738.7 | ¢ 4828 | 2,071.0 
4 | d | .5697 1,755.4 | 8 d 4787 | 2,089.0 
| e@ | .5643 1,772.2 | e 4749 =| 2,105.91 
| a | .5589 1,789.1 a 4714 2,121.5! 


homologous series of bands, 0, c, d, e and a would be the same, and for 
each uniform throughout the spectrum and this interval would be the 
same as that between the successive groups taken as a whole. Finally 
the distances between neighboring bands would be the same within 
each group and for each group. 

To test the intervals between groups the position of what may be 
called the center of each group was found by averaging the frequencies 
of all.five bands and the intervals between these average positions for 
groups 2, 3, 4, 5,6 and 7 were found. 

Groups I and 8, for which insufficient data were available, were omitted. 

The results are given in the tables III and IV. 

The departures from uniformity in the intervals between groups 
(Table III.) are of the same order as the errors of observation and there 
is no indication of a progressive or systematic change. We may conclude 
therefore that within the accuracy of these measurements, the groups are 
equidistant. 

1 Band e (group 1) and bands B, d, e and a (group 8), which were indistinguishable in the 


photographs, have been assigned positions on the assumption of complete symmetry through- 
out the spectrum. 
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SERIES. 
TABLE III. TABLE IV. 
——Digtanee Between Groups. -—=»«|-—_—CDistance Between Neighboring Bands 
(Average). 
Group. Center. Intervals. Band. Center of Series. Intervals. 

2 1,588.8 b 1,762.1 

3 1,671.7 82.96 c 1,779.9 17.86 

+ 1,754.6 82.86 d 1,797.6 17.73 

5 1,837.8 83.20 e 1,814.1 16.49 

6 1,921.2 83.40 a 1,830.1 16.01 

7 


2,003.9 82.76 


In a similar manner averages were found for the frequencies of each 
of the sets of homologous bands (0, c, d, e, a), and these form a group of 
averages, not coinciding with any actual group in the spectrum, the 
distances between the bands of which should however represent the mean 
distances of neighboring bands more closely than do the actual distances 
in any single group taken separately. 

These averages are given in Table IV. from which it appears that the 
bands are not distributed uniformly within the group but that the 
distance between them diminishes progressively as we pass towards the 
violet. The distance between the last band (a) of any group and the 
first (b) of the next group is so nearly equal to the distances between 
the bands within the group that it was difficult, before the completion 
of these computations, to decide as to the boundaries between the groups. 
The casual appearance of the spectrum as may be seen from Fig. 2 is 
that of a succession of equidistant bands varying periodically in intensity. 
It was at first thought that the crest band (c) of each group formed the 
center with two weaker bands on either side and band (a) was supposed 
to be the first in each group counting from red towards violet. This 
designation has not been altered although it was found by measurement 
that band a@ in each group was distinctly nearer to band 0} (average 
distance 14.4) than to band e and should be considered as the last band 
of the group. 


THE DETAILED STUDY OF THE INTERVALS OF THE SEVERAL HOMOLOGOUS 
SERIES OF BANDs (8, c, d, e, a). 


To compare the intervals between homologous bands these were aver- 
aged for each series separately by the method of subtracting the frequency 
of each band of the series from the member of greater frequency and 
dividing the sum by the total number of intervals. The averages thus 
computed are as follows: 
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TABLE V. 

Average Intervals between Homologous Bands. 

Series. Interval. 
b (7 members) 83.19 
c (8 members) 82.80 
d (7 members) 83.25 
e (6 members) 83.42 
a (7 members) 83.26 


General average, 83.20 


For homologous series }, d, e and a the average distance between 
bands is the same within the errors of observation and approximately 
equal to the distance between the various groups considered as units. 
The interval for series c is smaller than for the other series and the 
difference, while scarcely larger than might be accounted for by experi- 
mental errors, appears to be a real one, appearing consistently in all the 
photographs taken of this spectrum and likewise in the case of spectro- 
photometric observations made to check the photographic determina- 
tions. To ascertain whether the groups of bands as individually mea- 
sured really conformed to the description suggested in an earlier para- 
graph of a system of equidistant groups consisting of five homologous 
series of equidistant bands having a common interval, the positions of 
the members of a hypothetical system of this sort were computed in 
the following manner and the individual departures of the actual bands 
were determined. 

It was assumed that the measurements of series c were slightly at fault 
and that the proper interval for the entire system was the average for 
the other four series, 7. e., 83.25. Using this interval the hypothetical 
bands were located about the ‘“‘center”’ of each series and their positions 
were compared with those of the corresponding actual bands. 

The results are shown in the following table in which the frequencies 
of the hypothetical bands are given in the columns marked “calculated,” 
those of the actual bands in the columns marked ‘“observed”’ and de- 
partures in those marked “differences.” 


THE EFFECT OF TEMPERATURE. 

Ordinarily, when a uranyl salt is cooled to the temperature of liquid 
air the series of equidistant bands of its fluorescence spectrum, each of 
which corresponds to one of the eight groups of five narrower bands 
already described in the case of this form of uranyl ammonio-chloride, 
is resolved into a rather complex aggregation of narrow line-like bands.’ 


1See H. Becquerel, Comptes Rendus, 144, p. 671; also J. Becquerel and Onnes, Leiden 
Communications, No. 110, 1909. 











| 1,470.3 
1,553.6 
| 1,636.8 
| 1,720.1 
| 1,803.3 
| 1,886.6 
1,969.8 
2,053.1 


OND MNP WH 


1,488.6 
1,571.8 
1,655.1 
1,738.3 
1,821.5 
1,904.7 
1,988.0 
2,071.2 


CONAN SS WH 


1,506.2 
1,589.5 
1,672.7 
1,756.0 
1,839.2 
1,922.5 
2,005.7 
2,089.0 


a 
SIO Me WD 


i) 


1,522.7 
1,605.9 
1,689.2 
1,772.4 
1,855.7 
1,938.9 
2,022.2 
2,105.4 


COND UE WD 


1,538.7 
1,622.0 
1,705.2 
1,788.5 
1,871.7 
1,955.0 
2,038.2 
2,121.4 


COND He WD 


Series. Group. Calculated. | 


TABLE VI. 


Calculated and Observed Frequencies of the Various Series of Bands. 


Observed. 


1,469.8 
1,553.3 
1,638.9 
1,719.9 
1,802.8 
1,886.1 
1,970.1 


1,489.9 
1,573.4 
1,655.9 
1,738.7 
1,820.5 
1,904.0 
1,986.2 
2,071.0 


1,507.1 
1,588.9 
1,672.8 
1,755.4 
1,839.4 
1,922.6 
2,005.7 


1,605.1 
1,689.4 
1,772.2 
1,856.0 
1,939.2 
2,022.6 


1,538.2 
1,621.5 
1,705.9 
1,789.1 
1,871.2 
1,955.3 
2,038.3 


| Differences. 
antl 
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Intervals. 


83.60 
85.60 
81.00 
82.95 
83.30 
83.95 


83.55 
82.45 
82.85 
81.80 
83.50 
82.25 
84.85 


81.80 
83.90 
82.65 
84.00 
83.15 
83.15 


84.10 
82.85 
83.75 
83.20 
83.45 


83.25 
84.40 
83.20 
82.20 
84.10 
83.00 


It was deemed of interest to determine the effect of temperature on a 
spectrum which was already at least partially resolved at + 20° and for 
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this purpose the ammonio-chloride under consideration in the present 
paper was subjected to cooling. Visual measurements of such of the 


bands as could be determined in this way were made at + 20°, 0°, 


— 30°, — 60°, — 90°, — 120°, — 150° and — 180°. Several sets of 
photographs of the spectrum were likewise obtained with the substance 
excited at — 185°. 

When the substance, excited to fluorescence in the manner already 
described, was gradually cooled to the temperature of liquid air and as 
the spectrum was observed through the Hilger spectrometer the following 
changes were noted: 

1. The bands become narrower and better defined until at the tempera- 
ture of liquid air they correspond in appearance to the usual line like 
bands characteristic of the fluorescence spectra of the uranyl salts at low 
temperatures. 

2. There is a shift towards the violet amounting to more than a third 
of the distance between the bands. 

3. The following new bands appear: At about — 25° a very narrow 
band between c and d of each group; feeble at first but increasing in 
brightness with falling temperature. At about — 90° the c bands 
begin to appear double or in other words a new set becomes visible 
between c and 6. At about — 150° another set of bands becomes visible 
between e and a. 

Were the shift noted above the same for the different bands in each 
group and throughout all the groups, the spectrum at — 185°, at least 
as to the series, b, c, d and e, which are visible at both temperatures, 
would be located throughout by applying the mean observed shift to all 
the bands of the spectrum at + 20°. 

The nature of the shift which these bands undergo appears to be as 
follows: 

Each band may be regarded as an unresolved doublet, of which in 
general the member of longer wave-length is relatively so much the 
stronger that its position determines approximately the location of the 
crest of the composite band (see Fig. 3). The effect of cooling is to 
resolve this doublet into separately distinguishable bands and at the 
same time to cause a subsidence of the stronger and an increase of the 
weaker member. The member of shorter wave-length becomes dominant 
at low temperatures in each doublet and the arrangement of the entire 
spectrum therefore appears to be undisturbed but shifted towards the 
violet by an amount representing the width of the doublet. 

Since however the doublet is now resolved by the narrowing of the 
components we might expect to be able to distinguish the original member 
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of longer wave-length unless by cooling it has disappeared altogether. 
The appearance of the group, if this be its real structure (7. e., a set of 
equidistant doublets, the distance between the members of all the 
doublets being nearly the same) would then be as shown in the lower part 
of Fig. 3 (— 185°). 

At + 20° b’, c’, d’, e’ and a’ are entirely concealed by the overlapping 


* nalin 











-185° | 
AN AINA ah 
B cc’ DD EE’ AA’ 
Fig. 3. 


of the bands. At — 185° b, c, d, e and a may or may not be visible 
according to their intensity or to the completeness of the resolution 
which in fact differs greatly in different portions of the spectrum. At 
— 185° however 3, c, d, e and a being very weak as compared with b’, c’, 
d’, e’ and a’ or in some cases almost invisible, the appearance is that 
of a shift equal to the distance bb’, cc’, etc. 


TABLE VII. 


Shift of the c Series Between + 20° and — 185° C. 
1/(Observed.) 








Series. | Group. + 20°. — 185°. Shift. 
1 1,489.9 1,496.5 | 6.6 

2 1,573.4 1,579.8 6.4 

3 1,655.9 1,662.1 | 6.2 

c 4 1,738.7 1,744.4 | Sf 

5 1,820.5 1,827.7 i: 

6 1,904.0 1,910.6 6.6 

7 1,986.2 1,992.7 | 6.5 

8 2,071.6 — — 


Average, 
















Vot. ‘i SPECTRUM OF URANYL AMMONIO-CHLORIDE., 


No. 5. 


367 


When we apply this test, making use of the photographic measure- 
ments at — 185°, we find for series c a shift that is uniform throughout 
the spectrum, see Table VII. 

It follows, obviously, that the interval for the c series is the same, 
within the errors of observation, at — 185° and at + 20°. The actual 
averages from observed positions are respectively: 82.8 (+ 20°) and 
82.5 (— 185°). 

For the 5b series we obtain likewise a constant shift except in the 
extreme red (groups I and 2) where the bands are so faint as to be almost 
indistinguishable and the resolution is imperfect so that the vague bands 
on the negatives are probably composite (see Table VIII.). 





TABLE VIII. 


1/(Observed.) 








description. 


TABLE IX. 
Shift of the d Series Between + 20° and — 185° C. 
1/(Observed.) 


Shift of the b Series Between + 20° and — 185° C. 


Average (omitting groups 1 and 2), 7.7 


Series. Group. ” +20°, —185°, Shift. 
1 1,469.7 1,479.7(?) 10.0(?) 

2 1,553.3 1,563.0(?) 9.7(?) 

3 1,638.9 1,645.0 6.1 

b 4 1,719.9 1,726.9 7.0 
5 | 1,802.8 1,810.4 7.6 

6 1,886.1 1,894.4 8.3 

7 | 1,970.1 1,977.9 7.8 

38 . 2 oe 


In the case of the d series the effect of the lack of resolution in the red 
end of the spectrum is more clearly marked and is capable of definite 
Here we find the bands of groups 4, 5, 6 and 7 in their 
expected places and showing the proper shift (see Table IX.), whereas 











Average interval at +20° = 83.24 
Average interval (groups 4 to 8) at —185° = 83.93 











Series. Group. +20°, | —185° Shift. 
1 1,507.1 | 1,508.9 1.8 
2 1,588.9 1,591.5 2.6 
3 1,672.8 1,675.6 2.8 
d 4 1,755.4 1,761.4 6.0 
5 1,839.4 1,845.1 5.7 
6 1,922.6 1,929.2 6.6 
7 2,005.7 2,013.4 4 
8 2,097.1 — 


"Average (groups 4 to 8), 6.5 
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in groups I, 2 and 3 they are considerably displaced towards the violet 
having a position intermediate between the places which the band d 
and the new intermediate bands should occupy. In other words in these 
groups of longer wave-length, these bands, which in the remainder of 
the spectrum are separate and well defined, are not resolved. 

The interpretation of the changes occurring in the regions of the 
spectrum occupied by the d, e and a bands is most readily studied by 
means of the diagram in Fig. 4, in which the bands of each group at 
























































Fig. 4. 


— 185° are shown in their relation to a hypothetical grouping given at 
the head of the column. This grouping consists of the set of imagined 
doublets of which as in a previous paragraph the spectrum at + 20° 
was supposed to be made up. The spacing for each doublet is that deter- 
mined from the observed shift on cooling and the relative divergence from 
this arrangement is shown for all the bands of each group. 

A scrutiny of the fluorescence spectrum at — 185° group by group, 
by means of this diagram, affords very satisfactory confirmation of this 
hypothesis concerning the apparent shift. It is obvious: 

1. That not all the components 3b, c, d, e and a will necessarily be 
visible in every group of the resolved spectrum: 
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2. That lack of resolution in any region may give the appearance of 
a single band with intermediate crest in place of the doublet: 

3. That the position of crests of the unresolved doublets at + 20° 
will not necessarily coincide exactly with that of either component. 

Bearing these points in mind, it will, be seen that were resolution 
complete all the oserved bands of the spectrum at — 185° would probably 
fall into the system proposed above. 

We may imagine that the difference between the resolution of the 
bands c and d, for example as seen in Fig. 4, is produced by changes in 
the unresolved doublets at + 20° when the temperature is reduced to 
— 185°, of the kind indicated in Fig. 5. The doublet cc’ forms a single 
band with crest nearly coincident with c at + 20° and this owing to the 

‘ 


=> 














Fig. 5. 


subsidence of c and growth of c’ takes the resolved form shown at — 185°. 
In the case of d however the unresolved band has an intermediate crest 
at d but is really composed of overlapping components d’ and d” which 
are separately visible at — 185°. 


THE ABSORPTION SPECTRUM. 


The absorption spectrum of this salt of which observations were made 
both visually and photographically likewise consists of several series of 
equidistant bands having a common interval. 

Fluorescence and absorption overlap as in the case with all the uranyl 
spectra thus far studied, and one group of bands (group 7 of the fluores- 
cence spectrum) which we have called the reversing group is common to 
both spectra. The bands of this group may be made to appear either as 
fluorescence bands or as absorption bands according to the conditions 
of the experiment. The reversal may be effected by the simple expedient 
of varying the character of the incident light. With a screen which 
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extinguishes the yellow and green and transmits shorter wave-lengths 
the fluorescence bands of this region appear on a dark background. With 
a yellow screen that reduces excitation to a minimum, absorption bands 
are seen to take their place. These, in general, coincide in position with 
the fluorescence they displace, but since as has been shown the bands 
are doublets of unequal brightness an apparent shift sometimes occurs. 

The weaker band of the fluorescence pair becomes the stronger in the 
absorption spectrum as illustrated in Fig. 6, which is from a photograph 





Fig. 6. 


of such a doublet when emitting and when absorbing light. In such cases 
the weaker bands are often invisible unless special precautions are taken 
to bring them out and there is an apparent shift equal to the distance 
between the members of the doublet. 

Since the temperature shift in the bands of the fluorescence spectrum, 
as stated in a previous paragraph, is mainly due to the subsidence of the 
stronger and the ‘‘crudescence’’of the weaker member of such doublets, 
upon cooling to the temperature of liquid air we should expect the 
location of the absorption bands when thus displaced at room tempera- 
ture to coincide with the low temperature positions of fluorescence, and 
this is found to be the case in many instances. 

Unfortunately the complete analysis of the absorption spectrum is 
rendered difficult, not only by the varying degrees of resolution, as in 
the case of the fluorescence bands, but also by the existence of a general 
absorption which increases rapidly towards the violet and renders the 
crystals almost opaque to the violet and ultraviolet rays. 

The absorption spectrum at + 20° extends from the reversing region 
into the ultraviolet. 

It consists of the following series: 

I. Ba; so designated because its first member at .5076u (1/A X 10° 
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= 1,970) is coincident with and a reversal of the b band in that group, 
while its second member at .4899y (1/A X 10% = 2,041) is so nearly 
coincident with the a band of the same group that it may be supposed 
to form a close and unresolved doublet with the absorption series related 
to that band. 

2. y; having its first member at .5028u (1/A X 10% = 1,989) and the 
reversal of the c band in that group. 

3. 6’ and 6; two series, having their origin on either side of thed band; 
as if this band were a doublet, unresolved in the fluorescence but resolved 
in portions of the absorption spectrum. 

4. e and e’; two series, one of which ¢ begins as the reversal of the e 
band at .4942 (1/A X 10% = 2,023) while the companion series e’, which 
possibly belongs to an unresolved component of the e band, first becomes 
distinguishable as a faint absorption band at 2,173. 

The constant frequency interval common to all these series is approxi- 
mately 71! instead of 83.2 which is the average interval for the fluores- 
cence bands. This sudden break to a shorter interval in passing from 
fluorescence to absorption is not new. It is characteristic of all absorption 


spectra of the uranyl salts thus far studied at room temperature! and 
1See Nichols and Merritt, PHys. REv., Vol. 33, p. 354. 


corresponds, approximately, with the intervals between the absorption 

bands of solutions of these salts given by Jones and Strong.2, We have 

tried in vain not only in the case of the chloride but likewise with the 
TABLE X. 


Relation Between Absorption bands of UO2Cl2 in Solution (.49m to .67m) and the a, vy, 6 and € 


Series. 
UO.Cl: in H2O Jones and Strong. Corresponding Series of 2NH,Cl.UO.Clo +2H2.0 
(Crystals). 

A 1/A X 108 Series. | 1/A X 103 (Computed). 
.6700 1,492 y 1,492 
.6500 1,538 a 1,544 
.6300 1,587 6 1,583 
.6070 1,647 5 1,646 
.6040 1,656 6 1,653 
.6020 1,661 - — 
.6000 1,667 € 1,668 
.5480 1,825 a 1,828 
.5200 1,923 - —_— 
.5185 1,929 5’ 1,930 
.4900 2,041 a 2,041 


1 The actual observed range, as will be seen from Table XI., is from 70.4 for series y to 
71.5 for series Ba, and these differences are presumably due to the varying relations of the 
unresolved components of the doublets of which the bands are composed. 

2 Jones and Strong, Publications of the Carnegie Institution, No. 130, p. 89, also Physi- 
kalische Zeitschrift, 10, p. 497. 






crystals of the nitrate and with other solid uranyl salts, to trace the 
absorption into the realm of the fluorescence spectrum. Jones and 
Strong, however, working with solutions of uranyl chloride in water, 
have located various absorption bands of longer wave-lengths. 


4,577 


1 Two bands at 2,604.6 and 2,675.2 are perhaps to be regarded as members of this series 
but displaced about to to the red. They are designated as a’. 


Series Ba. 


1/AX10% 


1,970.1 
2,041.2 
2,113.0 
2,185.0 
2,256.2 
2,329.5 
2,400.3 


re 
a 
2 756.8 


Series 6’. 


2,001.6 
2,070.6 
2,142.6 


2,565.1 
2,637.1 


2,708.6 


Series «. 


2,023.3 
2,094.0 
2,165.5 
2,309.0 
2,379.9 
2,588.7 
2,661.7 
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TABLE XI. 


Average Inter- 
val. 


70.9 





“Absorption” Bands of UO2Cle-2NHiCl + 2H20 at + 20° C. Arranged in Series. 


4,978 
4,908 
4,652 
4,507 
4,370 
4,237 
4,112 
3,997 
3,885 


3,685 


4,601 
4,455 
4,320 
4,194 
4,073 
3,957 


3,648 


Series 6. 5 





SERIES. 

































Series y. 


1/AX10% | Average Inter- 
val. 

1,988.5 

2,057.5 

2,126.0 


—— 70.4 


2,620.9 
2,692.8 


2,008.9 
2,080.1 
2,149.5 
2,218.9 
2,288.5 
2,359.9 70.5 
2,432.0 
2,501.8 
2,573.7 


2,713.7 


Series «’. 


2,173.5 

2,244.5 

2,314.6 

2,384.6 71.0 
2,455.2 | 

2,527.4 | 


2,741.2 
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We were surprised to find that of eleven bands indicated by them as 
lying between .4900u and .6700u nine might be considered as related to 
the various series described in the present paper. In the following table 
the wave-lengths and frequencies of these bands are given together with 
the frequency of the corresponding member of our series computed on 
the assumption of its extension towards the red with the constant interval 
of 71. 

Considering that the bands of Jones and Strong are for the simple 
chloride in solution, it might be held that a comparison with bands of a 
double chloride in the crystalline form is entirely without significance. 
It has seemed worth while however to call attention to these approximate 
coincidences of position. 

Table XI. gives the bands thus far located in the absorption spectrum 
at + 20° C. It will be noted that series y and 6’ disappear after the 


Ax 


r 


m} or} mls |) fos [5 2 


« 


a 





Fig. 7. 


third member but reappear in the extreme violet; also that 6, which 
appears asa doublet with 6’ at both ends of the spectrum, continues 
throughout the wide gap between .47u and .39u where y and 4’ are 
missing. 
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Sevtes A. 
A 1/A X 103 
6,110 1,636.7 
5,080 1,968.7 
Series c. 
6,682 1,496.5 
6,330 1,579.8 
6,016 1,662.1 
5,733 1,744.4 
5,471 LS27.7 
5,234 1,910.6 
| _ 5,018 |__ 1,992.7 
Series 2. 
6,628 1,508.9 
6,283 1,591.5 
5,968 1,675.6 
5,677 1,761.4 
5,420 1,845.1 
5,184 1,929.2 
4,967 | 2,013.4 
Series e2. 
6,538 1,529.6 
6,207 | 1,611.0 
5,899 | 1,695.0 
5,624 1,778.1 
5,370 | 1,862.0 
1,945.0 


The apparent exceptions are un- 


TABLE XII. 


| Average Inter- 
| val. 


83.0 


82.6 


| 


84.2 


83.3 





5,704 
5,445 
5,206 
4,989 











The absorption spectrum of this salt at — 185° undergoes changes 
strictly analogous to those described in the case of the fluorescence 
spectrum. There is the usual narrowing of the bands with further 
The bands in the absorption spectrum however are still 
capable of arrangement in series with a nearly constant frequency 
interval of about 71 and these series in general have their origin in coin- 
cidence with a fluorescence series. 
doubtedly due to the fact that the bands, both of fluorescence and 
absorption, are complex and only partially resolved. 

The general grouping of the fluorescence and absorption bands at 


“*Fluorescence’’ Bands of UO2Clo: 2NHsCl + 2H20 at — 185° C. Arranged in Series. 


Series 2». 


1/A X 103 


1,479.7 
1,563.0 
1,645.0 
1,726.9 
1,810.4 
1,894.4 


‘1,977.9 


Series ay. 





1,753.1 
1,836.7 
1,921.0 
2,004.5 


Series ¢:. 


1,859.0 
1,941.9 
2,024.1 


Series a. 





SECOND 
SERIEs. 


| Average Inter- 
| val, 


83.8 


82.4 


83.1 











4,906 
4,742 
4,587 
4,443 
4,305 
4,177 
4,054 
3,941 
3,833 


4,146 
4,028 


3,808 


4,813 
4,654 
4,508 
4,370 
4,239 
4,114 
3,997 
3,886 
3,780 


4,778 
4,625 
4,478 
4,341 
4,209 
4,090 
3,975 


3,763 
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TABLE XIII. 
Absorption Bands of UO2Cl2-2NHsCl + 2H20 at — 185° C. Arranged in Series. 


Series Bia. 


Average 
Interval. 


1/A X 108 
2,038.5 
2,109.0 
2,180.2 
2,250.9 
2,322.8 
2,394.0 | 
2,466.8 | 
2,537.3 | 
2,609.0 


Series yi. 


2,056.5 
2,197.3 


2,411.9 
2,482.5 


2,626.3 


Series 6. 


2,077.9 | 
2,148.9 | 
2,218.2 | 
2,288.5 
2,359.1 
2,430.9 
2,502.0 | 
2,573.2 

2,645.5 | 


Series «. 


2,092.7 
2,162.1 
2,233.0 
2,303.4 
2,376.0 
2,445.0 
2,515.8 


2,657.5 


70.7 





Series Bo. 
A 1/A X 108 
4,875 2,051.1 
4,711 2,122.7 
4,560 2,193.1 
4,413 2,265.9 
4,277 2,338.2 
4,152 2,408.7 
4,034 2,479.0 
3,922 2,550.1 
3,813 2,622.7 
Series +2. 
4,843 2,064.7 
4,680 2,136.5 
4,530 2,207.3 
4,389 2,278.3 
4,259 2,348.1 
4,134 2,419.0 
4,016 2,489.9 
3,904 2,561.6 
3,798 2,633.0 
Series 6c. 
| 
4,792 2,086.8 
4,639 2,135.5 
4,490 2,227.0 
4,352 2,298.0 
4,222 2,368.3 
4,102 2,437.9 
3,774 2,650.0 
Series «2. 
4,460 2,242.2 
4,073 2,454.9 





Average 
Interval, 


70.5 


70.9 
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TABLE XIII.—Continued. 








Series e3. Series ao. 
a | aaah] average ; raxrot | Average 
4,924 2,031.0 4,889 2,045.5 
4,756 2,102.4 | 4,724 2,116.9 
4,599 2,174.4 4,571 2,187.7 
—_ ame | Phe _— — 71.0 
4,188 2,387.5 —_—— — 
4,066 2,459.7 — —— 
3,951 2,530.7 —_—— —_—— 





+ 20° and — 185° is shown in Fig. 7 and the bands, arranged by series 
as determined from the observations at — 185° are given in Tables 
XII. and XIII. The different series in the absorption spectrum also 
shown graphically in Fig. 7. The dotted lines in the upper portion of 
this figure show the positions in which we should expect fluorescence 
bands to be found if the fluorescence had extended into the violet. 

In a recent paper! it has been shown that the fluorescence and absorp- 
tion of these crystals consists throughout of doublets polarized at right 
angles to each other and unresolved when the spectrum is observed 
without the aid of a Nicol prism or other analyzer. These polarized 
spectra and their relation to those described here will be considered in 
detail in a forthcoming article. 


PHYSICAL LABORATORY OF CORNELL UNIVERSITY, 
June 2, 1915. 


1 Nichols and Howes, Proceedings of the National Academy of Sciences, Vol. I, p. 444. 
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THE VARIATION OF THE SPECIFIC HEAT OF SOLIDS WITH 
TEMPERATURE. 


By ARTHUR H. COMPTON. 


HE very considerable success of the quantum hypothesis in explain- 
ing the variations of the specific heat of solids with temperature 
has been taken as a strong confirmation of that hypothesis. Before 
this evidence can be considered as conclusive, however, it is necessary 
to see if there may not be some other satisfactory solution of the problem 
of specific heat, which does not involve the conception of quanta. It has 
been pointed out by several writers! that the sharp decrease of the specific 
heat of solids at low temperatures can be qualitatively explained if it is 
assumed that at these temperatures the atoms become so intimately 
associated that degrees of freedom are lost. In fact Benedicks' has been 
able to obtain an empirical expression on this assumption which, with 
properly chosen constants, fits the experimental data acceptably. In 
the present paper an assumption is introduced which leads directly to an 
expression for the variation of the specific heat with temperature which 
will be shown to agree at least as well with experiment as the expressions 
derived from the quantum hypothesis. 

The assumption on which the following work is based is: 

If the relative energy between two neighboring atoms in a solid falls 
below a certain critical value, the two atoms become agglomerated? 
so that the degree of freedom between them vanishes; but as soon as 
the energy increases again above the critical value, the degree of freedom 
reappears. 

The defence of this assumption from various lines of evidence will 
form the subject of a later paper. 


DERIVATION OF A FORMULA FOR THE SPECIFIC HEAT. 
The energy content of the unagglomerated degrees of freedom may 
be written, according to equipartition, 
U,, = mRT, 


1F, Richarz, Zeitschr. f. anorg. Chem., 58, 356; 59, 146. J. Duclaux, Compt. Rend., 
155, 1015. C. Benedicks, Ann. d. Phys., 42, 133. 

2 The term “‘agglomeration,’’ suggested by Benedicks, is used to indicate any state of 
association of the atoms on account of which degrees of freedom for thermal motion dis- 
appear. 
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! where 1 is the number of unagglomerated degrees of freedom, R the gas 
constant for a single molecule, and T the absolute temperature. In the 
case of the chemical combination of two atoms, when a degree of freedom 
vanishes its energy is usually transmitted to the other degrees of free- 
dom in the form of heat of formation. In the case of endothermic 
substances, however, the vanishing degree of freedom absorbs a certain 
amount of energy. We may assume provisionally, therefore, that 
when two atoms in a solid agglomerate they retain a certain amount of 
potential energy. The amount of this energy will be, 


U, - 1(3N oe n), 
where 7 is the potential energy of each agglomerated degree of freedom, 


and 3N is the greatest possible number of degrees of freedom. The 
total energy content of the solid is therefore, 


U = Uy, + Ua. = nRT + ¥(3N — 2n). 


If we call P the probability that a certain possible degree of freedom 
shall actually exist, P = n/3N, and 


(1) U = 3NRTP + 3Ny(1 — P). 


In the case of a solid the kinetic energy of a degree of freedom is on 
the average equal to its potential energy. We may assume, therefore, 
that the probability for a certain value of the potential energy is equal 
to the probability for the same value of the kinetic energy. By Max- 
well’s distribution law, the probability that the relative velocity of two 
atoms along the line of their centers shall lie between | «| and | u + dw| is 


2 








u2 
=e-adu, 
| av tr 
where 
RT 
a= 2. 
m 


This is therefore also the probability that the relative kinetic energy 
shall lie between $mu? and 3m(u + du)?. Since the probability for the 
potential energy is equal to that for the kinetic energy, the probability 
that the relative potential energy shall lie between 3mv? and 3m(v + dv)? 
is similarly, 
2 v2 

——=6" 2 a. 

av x 
Thus the probability that the total energy shall lie between 3m(u? + v°) 
and 4m{u? + v? + d(u? + v*)} is the product of these two expressions, or 


u2 


—— Cae 


v2 
a dudv. 
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If we let e be the critical value of the energy below which a degree of 
freedom remains agglomerated, the probability that the degree of 
freedom shall be agglomerated is: 

3 m(u2+v?)=e a ” 
Pp’ = f Be e~ ae adudv, 


aT 


or 
, uz J B2—u2 v2 
= + | eSdu f e~ adv; 

aT So 0 

where 
2e€ 
B? a ae 
m 


This is the probability that a possible degree of freedom shall be agglomer- 
ated. The probability that it shall actually exist is therefore: 


P=1-fP 
stm SaTae sie’ 
But 
hie oe 1 3!a8 ; 
and by comparison of series, 
B2 
P=e@., 


We may substitute for 6?/a? its equivalent, 


2€ 


3° m € T € 
ee” dal” ak ae 
— 
then 
(2) P =e-7. 


Substituting this value of P in equation (1) we have: 
(3) U = 3NRTe-7 + 3Ny(1 — €-7), 


and the specific heat is: 


(4) 
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Since there is a J? in the denominator of the last term, it is evident 
that as long as y has a finite value, T can be made so small that C, will 
become negative. This is impossible, as it implies a condition of insta- 
bility, so we must place y = 0, and 





(5) C.= 3NRe-i( = + r). 
uf o 6, C, = hh = C.. 

Ge s@ 7 
(6) 2 =04(541), 


This is the expression for the variation of the specific heat with tempera- 
ture to which our assumption leads. 


TESTING THIS EQUATION. 


The curves of Fig. 1 show how this formula compares with that of 
Debye for the specific heat.!_ The solid line is plotted from equation (6) 
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Fig. 1. 


and the broken one from Debye’s equation, 
C, 12 (7 dé 3x 


C. 28J &-1° 1 
where x = 90/T. The two curves have been made to coincide at C,/C. 
= 0.5. That they are in general good agreement is evident at a glance. 


1 Debye, Ann. d. Phys., 39, 789. Debye’s formula is used because his has been shown 
to be the most accurate of any of the existing expressions (cf. E. H. Griffiths and E. Griffiths, 
Proc. Roy. Soc., A, 90, 558). 
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Their comparative accuracy has been tested with the data used by 
Debye and by Nernst and Lindemann! in testing their own formule. 
I have taken their calculations of C, from the observed value of C>. 
The value of y for each of the substances is chosen so as to bring the 
experimental values as near as possible to the two curves where they 
cross.” 

At lower temperatures, though the curves are not far apart, there is 
an evident preponderance of experimental evidence in favor of the solid 
curve. Above T/r = 0.6, however, the experimental values gradually 
rise from the solid curve, cross the broken one at about 2.25, and con- 
tinue approximately parallel to the solid curve but at a higher level. 
The dotted curve is drawn as an approximate experimental mean. 
It is evident that the data fit neither formula accurately for these tem- 
peratures, but that the values of C,/C, approach a limit some two per 
cent. higher than unity. That these high values of C, are not due to 
proximity to the melting point is evident when one notices that none 
of the experiments are made at a temperature closer than 191° to the 
melting point, while in the case of KCI the value of C,/C,, rises above 
unity when the temperature is only .40 as high as the melting point. 
A possible explanation of the high values of the specific heat at these 
temperatures is that there may be more degrees of freedom in a solid 
than indicated by Rayleigh’s formula, C, = 3R. Whatever the cause 
of this discrepancy, however, it is necessary on any theory that C, shall 
never become greater than C,,, so we must assume a value of C,, greater 
than 3R = 5.955, which is the value used in calculating the values of 
C,/C» in Fig. 1. The value 6.081 has therefore been chosen as an experi- 
mental limit which C, seems to approach. 

Fig. 2 shows the same theoretical curves and the experimental data 
plotted with this new value of C,. The curves have here been made to 
coincide at C,/C, = 0.65, in order to show more clearly the differences 
between the two formule. It will be seen that this correction makes the 
observed specific heats conform very well with the curve plotted according 
to my expression, while they vary consistently from that of Debye. 
Thus while the data can in no way be made to conform at all tempera- 
tures with Debye’s formula, by making a correction which would seem 
necessary in any case, the data may be made to fit well the equation 

1 Zeitschr. fiir Electrochemie, 17, p. 817. 


2 In the following tables the values of C, for Al, Pb, KCl and NaCl are taken from Nernst 
and Lindemann’s paper (loc. cit.), those for Cu, Ag and diamond from that of Debye (loc. 
cit.). Cyis calculated from the observed values of Cp according to the formula, due to Nernst 
and Lindemann, Cy = Cp — 0.0214C,*T/Ts, where T; is the melting point of the substance. 
Cow is taken to be 6.081 as explained in the text. 











































a 


i 


30° 
42 
88 
92 
205 
209 
220 
222 
232 
243 
262 
284 
306 
331 
358 
413 
1169 


23.5” 
27.7 
33.4 
87 
88 
137 
234 
290 
323 
450 





Diamond, +r = 794.0° 
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Cy Obs. C, Calc. 


0.00 
0.00 
0.03 
0.03 
0.62 
0.66 
0.72 
0.76 
0.86 
0.95 
1.14 
1.35 
1.58 
1.83 
2.11 
2.64 
5.24 





Copper, r = 133.5° 


0.22 
0.32 | 
0.54 
3.32 | 
3.37 | 
4.53 | 
5.50 

5.66 | 
5.75 | 
5.87 | 


Lead, r = 38.4° 


23.0° 
28.3 
36.8 
38.1 
85.5 
90.2 
200 
273 
290 
332 
409 


35.0° 
39.1 
42.9 


Silver, s = 92.0° 


2.95 
3.91 
4.38 
4.43 
5.57 
5.63 
5.91 
5.99 
5.99 
6.03 
6.15 


1.58 
1.90 
2.26 


0.00 
0.00 
0.01 
0.015 
0.63 
0.67 
0.75 
0.80 
0.87 
0.98 
1.18 
1.41 
1.60 
1.87 
2.13 
2.62 
5.18 


0.14 
0.26 
0.56 
3.32 
3.36 
4.54 
5.40 
5.60 
5.69 
5.86 


3.04 
3.69 
4.38 
4.45 
5.60 
5.67 
5.98 
6.02 
6.02 
6.03 
6.05 


1.58 
1.93 
2.25 





T 


Silver (continued) 


45.5° 
51.4 
53.8 
77.0 
100 
200 
273 
331 
535 
589 


32.4° 
35.1 
83.0 
86.0 
88.3 
137 
235 
331 
433 


ee 


VII 


25.0° 
25.5 
28.0 
67.5 
69.0 
81.4 
83.4 
138 
235 


26.9° 
33.7 
39.0 
52.8 
63.2 
76.6 
86.0 
137 
235 
331 
416 
550 





2.46 
2.80 
2.89 
4.04 
4.80 
5.61 
S13 
5.71 
5.90 
5.99 


C, Obs. 





een 
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C, Cale. 


2.44 
2.83 
2.98 
4.04 
4.65 
5.61 
5.79 
5.87 
5.93 
5.99 


Aluminum, 7 = 169.6° 


0.25 
0.33 
2.40 
2.91 
2.61 
3.91 
| 
5.58 
5.74 
5.98 
NaCl, 7 = 


0.29 
| 0.31 
0.40 
3.05 
3.12 
3.52 
3.72 
4.79 


5.55 
KCl, + = 





0.76 
1.25 
1.83 
2.79 
3.34 
4.08 
4.33 
5.18 
5.73 
5.93 
6.02 
6.09 


113.5° 


96.1° 


0.19 
0.28 
2.40 
2.51 
2.60 


nano uw 
ao=sarTun o& © 
mn unvo 


0.36 
0.38 
0.52 
3.04 
3.10 
3.60 
3.71 
4.87 


- = 


I.0/ 


0.78 
1.35 
1.80 
2.78 
3.34 
3.91 
4,22 
5.15 
5.69 
5.87 
5.95 
5.99 
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just derived. In fact, all variations from the theoretical values seem 
to lie within the limits of experimental error. 


DISCUSSION OF THE FORMULA. 


Some interesting aspects of formula (6) appear if the exponent of e is 
written in a different form. 7 is defined as ¢/2R, where « is the energy 
required to liberate an agglomerated degree of freedom. This quantity 
has the same dimensions as Planck’s energy quantum hy, both being 
elementary units of energy. In fact Benedicks has shown,! from a con- 
sideration of the relation of hardness to the frequency of vibration of 
an atom, that ¢ is probably proportional to v. If we call the factor of 
proportionality b, the probability becomes 


15 





Relative Specific Heat, Ge. 


e=Diamond, t=79'4.0° 
o=Copper, t=133.5 
@= Silver, t= 92.0 
& =Aluminium, t= 169.6 
@=Lead, t= 384 
x =KCl, t= 96) 
+ =NaCl, t= 1/1/35 


C= 6.081. 


Relative Temperature, +. 


Fig. 2 
T € by By 
(7) P= e-7F = Cant = CRT = CT , 
where 
b 
2R° 


The value of 8 can easily be determined from the expression B = 7/r, 
which follows from equation (7). The values of 7 for the different 
substances considered are determined by their specific heats as shown 
in Fig. 2. The values of v may be taken as those assigned by Nernst 
and Lindemann’s formula for the specific heat, since their values of v 
have been shown to be in very accurate agreement with the characteristic 


1 Loc. cit. 
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frequencies of those substances whose reststrahlen can be obtained. 
The different values of 8 as thus determined are given in the following 











table. 

Substance. T v X 10-12 B X 1011 ee ~~haeee 
Sere eee eee 38.4 1.9 2.02 +0.3% 
MN PS gst in sasekdai Sica to sc Sa 92.0 4.5 2.04 +1.4 
MI ae icinlspatyeaereds cost 96.1 4.73 2.03 +0.6 
ee ee 113.1 5.8 1.96 —2.9 
FCT Ee 133.5 6.6 2.02 +0.3 
Alumainium .........05886 169.6 8.3 2.04 +1.4 
MINI os sew épcisa orem 794.0 40.0 1.98 —1.4 





8 is thus determined just as accurately as » is known, and since it 
remains constant over so great a range of frequencies, equation (7) may 
be considered valid, even though its derivation is not rigid. 

It is interesting to see how the quantity } in this equation compares 
with the similar quantity of Planck’s expression. 06 is determined by 
the equation 6 = 2R8, in which the accepted value of R is about 1.35 
in X 107 erg deg.-!, and 8B = 2.01 X 107" deg. sec. Thus 


peas = 


b = 5.44 X 10 erg sec., 


pine Soe ee 


while Planck’s constant / has the value 
h = 6.55 X 10~* erg sec. 


The value for 6 found here is in excellent agreement with certain values 
| of h as determined by photoelectric methods: Richardson and Compton! 
i 5-4 X 107”; Hughes? 5.6 X 10-27; Cornelius® 5.7 X 10-27; though Kad- 
esch* and Millikan® very recently have obtained photoelectric values 
of h more nearly 6.55 X 107”. 

it Now that equation (7) has been established we are in a position to 
make a new application of Debye’s theory which interprets the heat 
energy of solids in terms of their elastic vibrations. He considers a i 
whole spectrum of frequencies, the number of vibrations between the 
frequencies v and v + dy being 


9N 

(8) dn = —, vdy, 
1 Phil. Mag., 24, 574. 
2 Phil. Trans. Roy. Soc., 212, 205. 
3K. T. Compton, Puys. REv., 1, 382. 
4 Puys. REV., 3, 367. 

5 Puys. REV., 4, 73. 
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where 3N is the total number of degrees of freedom in the solid, and vm 
is the maximum possible frequency, determined by the equation: 
Ros itl. 2p(1 + «)x\? (702 +eey | 

(9 Ve gN 3(1 — 20) 3(1 — o) }’ 

where V is the volume, p the density, x the compressibility, and o Pois- 
son’s ratio, for the substance considered. The average energy of a 
degree of freedom of frequency v is, by equations (3) and (7), 

3NRTe~ > 


(10) * aN = RTe- 


so the total energy in the solid is 


"oN 
U = f 22 Re 
oO Vm 


z at 2T° 2T? 


pene m+) t. 








Substituting 7 = Bym, . 
U = oNRT {2 — e-3 #(=+24+ ==) }. 


According to Debye’s assumptions v», and hence also 7, are not functions 
of T, so the specific heat is: 


dU 
C, = G= oRN {85 — e~ # (85 +844 + i) k, 


and 
© wal eh ..ctistssl af 
(11) .* ‘ht tke r(sG+8atacts)}. 





Fig. 3 shows how this expression compares with equation (6). The 
solid line as before represents the first equation derived, while the broken 
one represents equation (11). Although the difference between these 
two curves is not large, it is evident, particularly at low temperatures, 
that this new formula does not represent the facts accurately. It is 
necessary to conclude, therefore, either that the energy of each degree 
of freedom is not accurately expressed by equation (10) or that some of 
the assumptions on which Debye’s theory is based are not valid. 

It is evident that if equation (11) is to be valid, v, must not vary 
with the temperature. That is, by equation (9), the quantities o and x 
must be independent of the temperature. While there is no evidence 
of any considerable variation in the value of o, Griineisen has shown! 


1 Ann. d. Phys., 33, 1239. Some of Griineisen’s results indicating such a variation of the 
compressibility with the temperature may be given: 
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Relative Specific Heat, &. 


e = Diamond, T=794.0° 
o=Copper, t=133.5 
@= Silver, T= 92.0 
3 = Aluminium, t = | 69.6 
e=Lead, t= 38.4 
x= KCl, t= 96.1 
+=NaCl, T= 113.5 


C..=6.08!. 


' T 
Relative Temperature, —- 
i+ 


Fig. 3. 


Compressibility X 106. 





T Al | Fe Cu Ag Pt Sn | Pb 


83° 1.32 | 0.606 0.718 0.709 0.374 2.1 | 2.5 
290 1.46 | 0.633 0.773 | 0.763 0.392 3.1 3.2 


373 1.70 0.652 0.801 | 0.820 0.398 — — 


that there is a general and decided increase in the compressibility x 
with the temperature. It is evident, therefore, that account must be 
taken of the variation of v», with the temperature. If this is done, equa- 
tion (11) becomes: 

Ce. lng -({.T yf T 

— Ss ~ « F1S— + 8-; +4-4+1 

c r r T 


rr o4_7* T? T? T\}dr 
—[o[-e#(e[+65G4+3G+- | . 
T T T T T 


dT 
The order of magnitude of d7/dT is 5 X 107*, so the last term is negligible 
except at high temperatures; but instead of considering 7 to be constant, 
its particular value which corresponds to the temperature for which 
C,/C» is evaluated must be employed in order to make equation (11) 
valid. In the case of aluminum, for example, the compressibility at 
373° is 29 per cent. greater than at 83°. This corresponds to a differ- 
ence in vm, and hence also in 7 of 13.5 per cent., and in the specific heat 
at the lower temperature of about 45 per cent. Thus if the specific 
heat of aluminum at 83° is calculated from its elastic constants at 373° 
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the resulting value is some 45 per cent. greater than if calculated from 
its constants at the lower temperature. This shows conclusively that 
equation (11) is not valid if 7 is considered independent of the tempera- 
ture. 

That the same argument applies to Debye’s formula for the specific 
heat is shown by the form of his equation at low temperatures, 

c. eT 

C= 7798 Fp 
In this equation the value of the ratio C,/C, for aluminum varies 46 
per cent. according as the value of v» is calculated from the elastic 
constants at 373° or at 83°. It is thus evident that the error introduced 
by Debye’s assumption that vy, is independent of the temperature is 
much too large to be neglected. 

It can be shown, moreover, that the fundamental assumption on which 
Debye’s theory is based, that the heat energy of a solid lies in the elastic 
vibrations of the body as a whole, does not represent the truth. It 
may be shown that the velocity of propagation of a thermal disturbance 
in a solid is directly proportional to the diameter of the elementary 
vibrator. If, as Debye assumes, the whole substance is capable of 
vibrating as a unit in its heat motion, the thermal conductivity should 
therefore be very great. This may be shown more clearly in the following 
manner. Consider two infinite parallel planes in an elastic medium, at 
one of which the medium is maintained with vibrational energy greater 
than at the other corresponding to a difference in temperature of one 
degree. The thermal conductivity, or rate at which energy is trans- 
mitted from the hotter to the colder plane per unit area will then be equal 
to the product of the difference in the energy content of the medium 
at the two planes by the velocity of transmission of the vibrational 
disturbance; 7. e.: 


thermal conductivity = V + C(t; — fz) = V- C, 


where C is the heat capacity per unit volume of the medium, and V is 
the mean velocity of propagation of a vibrational disturbance. For 
aluminum C is about 0.5 calories cm.~ deg.~', and V may be taken as 
about 5 X 10° cm. sec.~!, so the thermal conductivity should be of the 
order of magnitude of 2.5 X 10° calories cm.~ sec.~! deg.-'. This is 
wholly out of accord with the experimental value, which is 0.5 calories 
cm. sec.-' deg.-'!. In fact the dimensions themselves are different, 
the rate of heat transmission according to this assumption being inde- 
pendent of the distance apart of the two parallel planes. It is evident, 
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therefore, that the héat energy of solids is not contained in the elastic 
vibrations of the body as a whole, but is contained in the motion of very 
much smaller elements. Since the lower limit of the frequencies which 
enter into Debye’s theory is determined by the dimensions of the vibrator, 
the range of frequencies in which thermal motion occurs is thus limited. 
If the elementary vibrator is of atomic dimensions, the only frequencies 
to be considered are the natural frequencies of the atoms themselves.! 
Thus the assumption that thermal motion occurs in all the possible fre- 
quencies from 0 to vm cannot be accepted. 

Debye’s formula for the specific heat must therefore be considered to 
be largely empirical. In order to compare the results of this agglomera- 
tion hypothesis with those of the quantum hypothesis, equation (6) 
should be compared rather with Einstein’s formula,’ 


e hy? et! RT 
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Relative Specific Heat, &. 


e=Diamond, t=79%0° 


o=Copper, t=/33.5 
g= Silver, T= 92.0 
s=Aluminium,t=/69.6 
e = Lead, t= 38.4% 
x= KCl, t= 96.1 
+ = NaCl, t= 113.5 


C..= 6.081, 


Relative Temperature, t. 





Fig. 4. 


which is a valid deduction from the quantum hypothesis. Fig. 4 shows 
how these two expressions compare. The solid line represents my 


1 The great increase in thermal conductivity at low temperatures may be shown to indi- 
cate that the diameter of the elementary vibrator becomes comparatively large at low tem- 
peratures. Under these circumstances Debye’s assumption of a whole spectrum of frequencies 
may be valid. This may account for the fact that at extremely low temperatures, T/r = 0 
to 0.22, the observed specific heats are slightly larger than indicated by equation (6). If 
this be true, equation (11) should hold at these temperatures, and Debye’s ‘“‘third power 
law’’ would still be true. 

2 Einstein, Ann. d. Phys., 22, 180. 
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formula and the broken one that of Einstein. The experimental values 
are the same as in Fig. 2. It is evident that Einstein’s expression is 
much the less accurate of the two. Thus from the standpoint of the 
variation of specific heat with temperature the assumption is strongly 
supported that at sufficiently low temperatures many of the atoms of a 
solid become so intimately associated that they lose degrees of freedom. 


SUMMARY. 


The assumption has been made that a possible degree of freedom 
between two atoms in a solid actually exists only as long as the relative 
energy between the two atoms is greater than a certain critical value, 

An expression for the variation of the specific heat of solids with 
temperature has been derived from this assumption, which seems to 
agree more satisfactorily with experiment than any of the existing 
formule. 

Debye’s expression for the variation of the specific heat with tem- 
perature has been found to be largely empirical; so to compare this 
agglomeration hypothesis with the quantum hypothesis my formula is 
rather to be compared with that of Einstein. 

The strong support of experimental evidence in this case seems to 
indicate that this agglomeration hypothesis represents more accurately 
the condition of the atoms in a solid than does the quantum hypothesis. 

I wish to express my thanks to Professor Adams and Professor Magie 
for their continued interest in this study. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J., 
May 5, 1915. 
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A HIGHLY SENSITIVE ELECTROMETER. 
By A. L. PARSON. 


OR the measurement, and more particularly the detection, of very 
small potential differences on open circuit a very highly sensitive 
electrometer was required. The most sensitive hitherto described is 
the “‘duant”’ electrometer of Hofmann! which has a capacity of only 
5 cm. and may be adjusted to work in a condition approaching instability. 
It can then give deflections at the rate of 10 mm. per millivolt (scale 
distance 1.5 meters), but he does not state whether it is steady enough 
in its action to detect a single 10 volt unit by a I mm. deflection, 
the only results given from which the steadiness can be judged being for 
the lower sensitivity of 1 mm/mv. This instrument suffers from the 
disadvantage of requiring a needle of extremely delicate and exact con- 
struction, but a more troublesome feature is the complexity of the 
electrical system used in its operation. The suspension is made con- 
ducting and the potential to be measured is communicated to the needle, 
while the two conductors which take the place of quadrants must be 
kept at a high potential difference by a constant battery: it is by a 
careful adjustment of this potential difference that the maximum sensi- 
tivity is obtained. 

The principle of working with a condition approaching instability has 
also been used greatly to increase the sensitivity of the gold-leaf elec- 
troscope by C. T. R. Wilson, and of the string electrometer by Wulf, 
but neither of these has the inherent sensitivity of the suspended needle 
electrometer, of which the most familiar form is of course that of Dole- 
zalek. This instrument, in its ordinary form, can give, with very fine 
quartz fibers, deflections at the rate of 10 mm. per millivolt, but is then 
somewhat uncertain and slow in its action. Its capacity is about 50 cm. 
and probably could not be made less without diminishing its sensitivity 
to potential differences. The necessity of securing a uniform inducting 
surface inside the quadrants also makes against a small capacity, for 
the gaps must be small and the quadrant edges thick. 


1 Ann. d. Phys. [4], 42, pp. 1196-1220, 1913. 
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THE PRINCIPLE OF THE INSTRUMENT. 


The instrument about to be described is a modification of the quadrant 
electrometer, which does not suffer from these disadvantages, and which 
by an ability to work in a condition approaching instability can be 
made very much more sensitive. To a certain extent, however, it loses 
the good feature of giving a deflection proportional to the potential 
difference. 

The four quadrants are replaced by four sectors arranged in pairs 
AB, A’B’, as in Fig. 1, and the box form of the quadrants is abandoned, 
the sectors being cut from a single disc of metal .5 mm. thick. In the 
quadrant electrometer the torsion of the quartz fiber is used as a measure 
of the force on the needle, and is the only source of its stability: in the 
present case, however, the stability of the needle is procured 
by an automatic disposition of electric forces; and the torsion (a\ le 
of the fiber is useful only for balancing any disymmetry in RSAC, 
the electric forces such as may arise from a slightly uneven 
mounting of the sectors. In the more sensitive adjustments F's: !- 
of the instrument, however, this control by the torsion head is very 
valuable. 

As regards the electrical connections, the instrument can be used in 
exactly the same way as the quadrant electrometer, and the needle can 
be charged either by a constant battery through a conducting suspension, 
or by the simpler method of a charging switch. 

The chief innovation is that the sectors are mounted on a pair of 
arms pivoted scissors-like at the center, and that the small gaps between 
A and B, A’ and B’ can be varied in width from something very small 
to about 2 mm. by the action of a micrometer screw. When the gap is 
small and the sectors are at equal potentials, A and B form a virtually 
continuous inducing surface opposite the charged needle and the capacity 
of the system is highest when the needle hangs symmetrically over them: 
this therefore is its stable position. If a difference of potential is set up 
between AA’ and BB’, the needle is deflected, at first nearly propor- 
tionally to the potential difference, and then less and less as it approaches 
the large gaps at the sides. This is the least sensitive way of using the 
instrument, and gives deflections at the rate of about 3 mm. per millivolt 
(the scale being 5 meters distant'). As the gap between A and B is 


1 It was found possible to use this great scale distance profitably by placing the telescope 
near the instrument and at an angle. If the plane of incidence of the light on the mirror is 
horizontal, the scale divisions are blurred owing to reflection at both the surfaces of the 
mirror glass; but if the plane is vertical, as when the scale is placed high up and the telescope 
is inclined upwards towards the mirror, this does not occur. The increased sensitivity due 
to the use of this greater scale distance is valuable in itself, but is not of course a property of 
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widened, the needle becomes less and less stable in its central position 
and the sensitivity greater and greater. Just before instability is reached 
a stable deflection at the rate of as much as 150 mm. per millivolt can 
be obtained, but it is probably not worth while working with deflections 
greater than about 40 mm. per millivolt, as will appear later. 

It is of interest to notice that when the sectors are very close, and the 
instrument least sensitive, the sensitivity increases as the potential 
to which the needle is charged diminishes. This might have been 
predicted, for, while the deflecting force is proportional to the first power 
of the charge on the needle, the electrical force giving it stability is more 
nearly proportional to the square of it. Some values got with an older 
model, in which the needle was 3 cm. long and the quartz fiber thin 
enough for its torsion to be almost negligible, are as follows: 


Potential of needle in volts................. 80 40 20 10 
Deflection in mm. per millivolt............. 2.2 3.8 5.3 9 


But there is no advantage in using the lower potentials, for the maximum 
sensitivity attainable is not at all increased, while the period of deflection 
is greatly lengthened. All the results given in this paper were got with 
a needle potential of + 80 volts. (The fact that a positive charge is 
lost to the air less rapidly than a negative one was pointed out in con- 
nection with electrometers by Lord Kelvin: the difference cannot be 
great at 80 volts, however.) 

One of the chief advantages of this instrument is that its sensitivity 
to potential differences is quite independent of the scale on which it is 
built, for the torsion of the suspension is not a determining factor unless 
it is altogether too thick. As it is easy to get a quartz fiber .oo2 mm. 
thick, which would suit a needle .5 cm. long, it is evident that the capacity 
can be made very small. Actually, the limiting factor is the smallest 
mirror with which a scale can be read at a distance of say 1 meter. This 
is about 2 mm. square and would have too great a moment of inertia for 
a needle less than about .7 cm. long. In a trial instrument the needle 
was 3 cm. long, but in the one now to be described it is 1.8 cm., and the 
disc from which the sectors were cut was 2.1 cm. in diameter, with a 
-75 cm. hole in its center. The capacity was found to be 9 cm. by a 
method of induction through a condenser of known and variable capacity. 


CONSTRUCTIONAL DETAILS (FIG. 2). 


The most convenient arrangement of parts was found to be given by 
making a base A (carrying the sectors and provided with suitable widely- 
the electrometer. To compare with Hofmann’ result of 10 mm. per millivolt, for example, 
which was got at a scale distance of 1.5 meters, the sensitivity values here given should be 
divided by 3.3. Hofmann used a spot of light instead of a reading telescope and read the 
scale to .5 mm. only. 
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spread feet) to which the rest of the instrument (all in one piece) was 
attached by a spring fit of its cylindrical case B around a flange at C. 
The case, which is only 5 cm. in diameter and 4.5 cm. high, is made 
small in order to diminish the effect of air currents within it, even though 
the electrical capacity may thus be raised by a unit or so. 

The micrometer screw and terminal could be made to come up from 
below; but this would be inconvenient on so small a scale, and hence 
they are fixed in curved pads D (of brass and vulcanite respectively) 
which are attached to the base and rest tightly over slots E in the cylin- 
drical case when this is pressed down into position. A good fit here is 
essential in order to avoid distur- 
bance from air-currents. 

For the window, which is 1.5 cm. 
square, a microscope cover slip was 
found to be optically satisfactory, 





although a piece of a slide was 
not. As the window opening is a 
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possible source of electrical dis- 
turbance, it is provided with a 
divergent metal shade S project-  ~_ 
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ing 2 cm. This has the further 






advantage of partly protecting the ------~- 
YG. : 
Kania J : 


suddenly falling on the interior, Fig. 2. 
gave rise to a very marked disturbance. 

The torsion head, which is of any suitable construction, is supported 
on a quartz tube Q fixed to the top of the case. The use of quartz here 
serves the double purpose of insulating the torsion head (if this should 






interior from light: it was noticed 
that the light (or heat) from a 4o- 





\' 





watt lamp at a meter’s distance, 


ever be required) and of reducing to a minimum the effect of temperature 
changes on the distance between the needle and the sectors. This 
effect would be expected to give more trouble in the present instrument 
than in one where the needle hung midway between the upper and lower 
surfaces of quadrants, but it is not yet certain that the precaution is 
necessary in practice. Since in the ordinary use of the instrument, the 
exact potential of the needle is not important, provided it remains con- 
stant, the needle is charged by means of a switch F, which comes through 
a side tube on the quartz column, and by a rotary motion brings a plati- 
num wire into contact with the lower hook (also of platinum) of the 
suspension. A light metal shield slipped over the lower part of the quartz 
tube gives electrical protection at this point. 
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As regards the insulation, the use of sulphur is difficult on so small a 
scale, but if the interior is kept dry, clean quartz serves the purpose 
very well (with phosphorus pentoxide in the case, which it should be 
said was shown in this way to be by no means impervious to moist air, 
charge was lost at the rate of about 1 per cent. per minute).! Two of the 
sectors are therefore mounted by means of sealing wax on small quartz 
rods Q’ set on one of the scissors arms, and are connected to the terminal 
by a fine wire which is previously soldered to them and enters the case 
through a narrow quartz tube. The other two are soldered to short 
lengths of wire, and not insulated. Quite the most troublesome part 
of the whole construction was the setting of the four sectors accurately 
in one plane parallel to the base, and at the right distances apart. 

The micrometer screw may operate by a cone and jaws arrangement 
but in the present case the end of the-screw is squared off and works 
between glass plates G set at an angle on the arms carrying the sectors. 

The needle can be made from a single thickness of thin paper rubbed 
with graphite on both sides, but the use of the drying agent is then 
liable to alter its shape; so recourse is had to aluminium. It is made 
very light by using very thin foil and then by thinning the two ends by 
dipping in hydrochloric acid until they begin to show signs of disintegra- 
tion. In this way the weight has been reduced to 3 mgm. The weight 
of the mirror (10 mgm.) is less important on account of its smaller moment 
of inertia, while that of the platinum stem (17 mgm.) is of course rela- 
tively unimportant. As the needle was fixed to its stem by a little sealing 
wax, it was found essential to secure electrical contact here by a drop 
of starch paste (covered with paraffin wax to protect it from the drying 
agent). To obviate any angular play at the hook connections in the 
suspension, the usual device of making one of each pair of hooks out of 
the flattened end of a fine wire was adopted. 

The present instrument requires a quartz fiber .006 mm. thick and 
6 cm. long: this could be made thinner and only I cm. long or even less 
with advantage, for the disturbing effect of vibrations would then be 
3.5 mm., and was cut from a thin 


‘ 


lessened. The mirror is 4 mm. by 
galvanometer mirror. 


THE SHAPE OF THE SECTORS AND NEEDLE. 

It will be evident from an inspection of Fig. 1 that the smaller the 
angle subtended by the sectors, the less will be the sensitivity. At the 
same time the large gaps at the sides should not be too much encroached 
upon, or the needle will hardly be stable in its central position even when 


1 Most of this must be due to the projecting part of the terminal, which is not kept dry. 
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the small gaps are made as small as possible. It is found that sectors 
subtending 70° each give good results. 

The shape of the needle is a matter of the greatest importance. The 
effect of its width and curvature, and of its distance from the sectors, 
upon what might be called the “angular capacity gradient” of the system 
for different widths of the sector gap is somewhat complex, and required 
a good deal of study for its elucidation. It was found that the needle 
can in general be stable either in the symmetrical position, or in an 
unsymmetrical position well to one side, and in either case the sensitivity 
can be adequately controlled by altering the width of the sector gap. 
But in the case of the unsymmetrical position the suspension must have 
a permanent twist, and this gives a troublesome “‘drift”’ of the needle 
due to its slow loss of charge; so that attempts to use this were abandoned. 

In Fig. 3 are shown curves for the behavior of the needle in its sym- 
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metrical stable position (the quartz fiber used being .004 mm. thick): 
the first number written over each curve gives the width of the needle 
in millimeters, and the second its distance from the sectors. It may 
be seen that the sensitivity increases as the needle becomes narrower 
and as it is brought closer to the sectors. The best needle is obviously 
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flat and about 4 mm. wide: the ratio of the width to length is thus about 
I : 4, and this would no doubt be best for an instrument of any size. 
It is not so easy to decide upon the best distance from the sectors. With 
any given suspension, the sensitivity increases as the needle comes 
closer, and also the period of swing is diminished, but instability arrives 
more suddenly as the sector gap widens. As, however, the use of a 
thicker fiber conduces to stability, the best result is obtained by using a 
relatively thick fiber (.006 mm.) and lessening the distance from the 
sectors. This plan, which combines the shorter period of swing got at 
the smaller distance with the flexibility got at the greater, gives the curve 
shown by the thick dotted line in the figure. (The thin dotted line is for 
a needle somewhat convex on its lower side.) 


THE USE OF THE INSTRUMENT. 


The torsion head is turned until the needle seems to hang symmetri- 
cally, and the latter is then charged. Now the telescope is placed at 
some convenient position near the window so that the scale can be 
seen, and the instrument roughly calibrated at this adjustment by a 
potentiometer. It will usually be found that the region of greatest 
sensitivity is not exactly at the point of zero potential, so the torsion 
head is turned until this state is secured, and the telescope moved again 
if necessary. On increasing the sensitivity by widening the sector gap, 
the region of greatest sensitivity remains nearly still, and any slight 
deviation may be corrected by repeating the above process. 

Even with the symmetrical adjustment of the system there was often 
a slight ‘‘drift”’ of the needle, but the use of phosphorus pentoxide inside 
the case made this practically to disappear. The nature of the remaining 
drift and of other disturbances that occur will be seen from the following 
typical results. Runs over the whole scale are given at sensitivities of 
about 7 and about 40 mm. per millivolt, and also deflections obtained 
for separate 10~*, 10~ ‘and 10~* volt units. 

It will be seen that, whereas the instrument could detect 10-* volt 
(at a 150 mm/mv sensitivity) if it were steady enough, it cannot in practice 
detect less than about 3 X 10~ volt, and, with the very efficient optical 
system used, it does this as well at a sensitivity as low as 7 mm/mv as 
atahigher. If the scale were only 1.5 meters distant, however, it would 
be best to use a sensitivity corresponding to about 30 mm/mv at the 
5 meters’ distance. 

The cause of the unsteadiness is found to lie in an incomplete electrical 
shielding of the instrument; for, if the sectors are all connected to the 
case which is then insulated, and the whole is charged to 80 volts, a de- 
flection corresponding to one or two millivolts is obtained. Thus 
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P. D. in Volts. Scale Reading 


.00 
.05 
04 
.03 
.02 
01 
.00 
—.01 
—.02 
—.03 
—.04 
—.05 


.00 


in mm. 





573.0 
886.0 
831.0 
772.5 
710.5 
645.0 
575.5 
505.0 
439.0 
378.0 
320.5 
266.0 
574.5 





Needle comes to rest in 30 sec. 


nu uw 


579.5 
580.0 
580.0 
580.0 


-OOI0 


588.2 
588.1 
588.5 
588.9 


588.9 
588.7 


Detecting 107 volt. 


Or 


642.0 
642.6 
642.0 
642.0 
642.5 


Detecting 107? volt. 


Col 


586.0 
586.5 
587.0 
586.5 


Detecting 10-4 volt. 


-OOILT 


588.8 
588.8 
589.3 


588.0 
588.2 
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| mm,/mv. P. D.in Volts.| Scale Reading | mm./mv. 
| — in — ae as i 

| 
| .000 | 535 
| 010 196 | 
5.70 .008 254 27 
5.85 .006 319 32 
6.20 .004 385 34 
6.55 .002 455 35 
6.95 .000 538 41 
7.05 — .002 631 46 
6.80 —.004 713 41 
| 6.10 —.006 785 37 
5.75 — .008 849 32 
5.45 7 —.010 908 29 
| | .000 558" 
Needle comes to rest in 90 sec. 
Detecting 10~? volt. (90 sec.) 
A .00 .O1 4 
64.5 558 900 342 
64.0 558 891 333 
64.5 556 897 341 
63.5 565* 895 | 330 
63.5 564 894 330 
581* | 919 331 
Detecting 10-* volt. (60 sec.) 
A -000 .OO1 4 
6.5 592 630 38 
6.5 594 632 38 
7.0 590 625 35 
6.5 588 623 35 
596* 628 | 32 
|. 588 | _ 626 | 38 
Detecting 10-4 volt. (40 sec.) 
A OO10 .OOI! A 
| between 633 636 
the 632 636 between 
averages 633 638 averages 
+.6 638* 639 
al 636.5 638.5 2.75 
A 
between 
the 
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fluctuations of only a few volts in the “‘earth’’ charge would amply 
account for the disturbances observed: these fluctuations are inevitable 
in the neighborhood of electric lighting circuits. The defective shielding 
is probably due to the presence of the window, since a very good shielding 
of every other part of the instrument does not remove it. This difficulty 
will be investigated further. 

The instrument becomes dead-beat when the sensitivity is raised to 
15 mm. per millivolt. Its period at the higher sensitivities is not nearly 
as great as the time given for a reading in the table (e. g., 90 sec., 60 sec., 
etc.), for fully two-thirds of this time is occupied by the final slow “creep”’ 
of the quartz suspension. For less accurate work good readings could 
be got in 20-30 sec., especially since chance disturbances would then be 
relatively less frequent. Also at the lower sensitivities, the first swing 
takes only 5 of the 30 sec. required for the needle to come to rest. 


THE USE OF A FLOATING NEEDLE. 


Since the torsion of the suspension is not an essential factor in its 
operation and stability is secured electrically, it is possible to use a 
floating needle. This would have the advantages of making the instru- 
ment dead-beat at all times and of eliminating the final “‘creep’’ which 
occupies about two-thirds of the time taken for a deflection at the higher 
sensitivities; but the viscous resistance of the liquid makes the instru- 
ment slow in action for needles less than 5 cm. long,! and also the ad- 
vantage of control by the quartz fiber is lost. For the last it would be 
necessary to substitute an up and down adjustment of one of the sectors 
or something equivalent. A roughly made trial instrument with no 
sort of adjusting mechanism, and in which the needle takes up an un- 
symmetrical and very insensitive position, gives steady deflections at a 
sensitivity of I mm. per millivolt. The needle is in electrical contact 
with the float tank, which is insulated and kept at 80 volts, and the 
sectors are above instead of below the needle. The float is made of a 
small piece of quill tubing, and is kept vertical by a weight about 5 cm. 
below it. The needle is kept in its central position by the attraction 
of a cylindrical magnet for a little piece of iron placed on the top of the 
floating system. 

SUMMARY. 

An electrometer has been designed which can be constructed to have 

a capacity as low as 4 or 5 cm.,? and in the present model has a capacity 


1 That is, with the most efficient float yet constructed. 
2 Besides this, the capacity could be halved again by omitting one end of the needle and 
the pair of sectors below it. 
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of 9 cm. It is of simple construction and operation. Its sensitivity is 
great enough for the detection of 10~* volt, but it has not been made 
steady enough as yet to detect an isolated potential difference less than 
about 3 X 10> volt in practice. It is a modification of the Dolezalek 
electrometer which can, by means of a mechanical adjustment, be made 
to work in a condition approaching instability. The way in which the 
stability of the needle is secured makes it possible to place it on a torsion- 
less suspension or a float, but this plan has certain drawbacks. 
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THE INFLUENCE OF THE METALLIC ION IN ELECTRO- 
LYTIC SOLUTIONS UPON THE POTENTIAL DIFFER- 
ENCES BETWEEN THE SOLUTIONS AND A 
METALLIC ELECTRODE. 


By FLORELLA K. FINNEY. 


The purpose of the investigation has been to determine the influence 
of the metallic ion in electrolytes in water solution upon the potential 
difference between the solution and electrodes of various metals. The 
method used has been to make cells containing two equimolecular so- 
lutions having different metallic ions and separated by a gelatine mem- 
brane, with electrodes of one and the same metal in both solutions. The 
direction of the current produced has indicated in which solution the 
metal electrode has become the more electronegative by going into 
solution. 

According to a theory proposed by Professor F. Sanford, a metal 
should go into electrolytic solution the more readily as the metallic ions 
of the electrolyte are more electropositive. Professor Sanford tested 
this hypothesis for equimolecular solutions of zinc-sulphate and copper 
sulphate, using four different metals as electrodes. It was found that 
when both electrodes were of the same metal, the electrode in the copper 
sulphate solution acted like the copper and the electrode in the zinc 
sulphate solution acted like the zinc in an ordinary Daniell cell. The 
investigation described in this paper was for the purpose of testing the 
hypothesis for a greater number of metals and a large variety of solutions. 

The method of procedure was as follows: The base of an ordinary U- 
tube was filled with a freshly prepared gelatine solution. After this had 
set, the tube was rinsed in distilled water to remove any free gelatine, 
and the arms were filled with the solutions to be tested. Without delay, 
electrodes of similar pieces of the same metal were dipped into the two 
solutions. The circuit was completed through a sensitive galvanometer 
in series with 100,000 ohms. The deflection of the galvanometer in- 
dicated the direction of the current. The U-tube was so placed in a 
supporting case that the observer could observe the initial deflection of 
the galvanometer while dipping the metals into the solutions. A de- 
flection of one centimeter on the scale indicated a potential difference be- 
tween the cell terminals of .0036 volt. 
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Solutions of the nitrates, chlorides and sulphates of potassium, sodium, 
ammonium, barium, calcium, zinc, hydrogen, copper and ferric iron 
were used. Added to this list were the hydroxides and bromides of 
potassium and sodium, the iodide of potassium and the sulphate of 
nickel. The concentration of every solution was one-tenth normal 
(allowance being made in every instance for the water of crystallization) 
except in the cases of the sulphates of barium and calcium. Saturated 
solutions of these salts were used. 

Copper, zinc, silver, nickel, cadmium, tin, platinum and bismuth elec- 
trodes were used in the course of the investigation, but most of the 
work was done with the first four mentioned. The direction of deflec- 
tion was entirely independent of which metal was used for the electrodes, 
and was determined entirely by the character of the electrolytes. 

Before each immersion the electrodes were carefully sandpapered, 
then rubbed with a clean cloth, so that their surfaces were metallic, not 
oxidized. The dimensions of the electrodes were roughly as follows: 
Rods of copper 2 mm. in diameter; nickel .75 mm.; zinc,-8 mm.; tin, 7 
mm.; cadmium, 6 mm.; bars of silver 2 mm. X 4 mm. The depth of | 
immersion varied from one to five centimeters. It was observed that 
though the surface of the nickel electrodes was very much less than that 
of the other metals, the deflections were often much greater with the 
nickel electrodes than with the others. Apparently some of the solu- 
tions had a tendency to induce a passive condition in nickel. 

Records were kept of the deflections due to some two hundred cells. 
In each case three or more readings were taken of the first deflection 
with each pair of electrodes used; then the electrodes were reversed in 
the solutions and three or more readings were taken with the new ar- 
rangement. In some cases the solutions were interchanged in the U- 
tubes, so as to eliminate any possibility of an interaction with gelatine 
causing the current. 

The results of the investigation show that the metals can be arranged 
in a series in the order in which the presence of their ions in a water so- 
lution affects the solution tension of a metal when placed in the solution. 
Furthermore, this series is the same as the contact electromotive series. 
That is, if both electrodes be of the same metal, the electrode in the solu- 
tion which contains the more electropositive ion has the higher solution 
tension and accordingly corresponds to the zinc electrode, while the 
electrode in the solution which contains the less electropositive ion cor- 

responds to the copper of the ordinary Daniell cell. The order of this 
arrangement of the metals was determined to the satisfaction of the writ- 
er as follows: potassium, sodium, ammonium, barium calcium, zinc, 
nickel, hydrogen, copper and ferric iron. 
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There were a few irregularities in certain solutions. Thus, while 
metals in KBr, KOH, KCl and KNO; showed a higher solution tension 
than in the corresponding sodium solutions, the reverse was the case 
with K2,SO,; and Na2SO,. The metals for which this was found to be 
true were copper, cadmium, zinc, nickel, tin and silver. The position 
of the NH, ion was always below that of the sodium ion in the series, 
but in the case of the K.SO, solution above mentioned the potassium ion 
came below the NH, ion in the series. This seems to indicate that if 
the salt used was pure potassic sulphate, the potassium ion acted abnor- 
mally in this combination. The salt in question was obtained from the 
supply room of the Chemistry department, and was not analyzed. 

The positions of the barium and calcium ions were not checked as 
thoroughly as the remaining members of the series. 

While zinc was found to be above hydrogen in the series, the initial 
deflection of the galvanometer rapidly reversed. Also, if the electrodes 
were not sandpapered before interchanging in the solutions the current 
reversed when the change was made. Careful cleaning of the electrodes 
. before exchanging them always gave the deflection in the original direc- 
tion. Exposure to the air or merely rubbing with a cloth did not remove 
the cause of the reversal. The electrodes with which this reversal of 
deflection was observed were of copper, silver, nickel and zinc. 

Nickel ions are placed above the hydrogen ions in the series, but in 
this case, as in that of zinc and hydrogen ions, the initial deflection very 
quickly reversed. With nickel and zinc salts the nickel ions were con- 
sistently below the zinc ions in the series, and there was no reversal of 
the initial deflection. The solution tension of the metals used was found 
to be always higher in solutions of the acids HeSO,, HCl, HNO; than in 
equimolecular solutions of their copper salts. 

It is an interesting result that copper, nickel and hydrogen ions in 
sulphate and nitrate solutions cause the electrode immersed in them to 
have a higher solution tension than in corresponding solutions of ferric 
sulphate and ferric nitrate, though iron is usually placed above these 
elements in the contact electromotive series. This seems to indicate 
that the ions of ferric iron, at least, occupy the position in the electromo- 
tive series usually assigned to passive iron. The same relation between 
the iron and hydrogen ions was shown with ferric chloride and hydro- 
chloric acid solutions. 

It was also found that for the same metallic ion in both solutions the 
solution tension of the electrodes was determined by the character of the 
negative ion. Solutions of the chlorides and bromides of potassium and 
sodium and the iodide of potassium all agreed in showing that the so- 
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lution tension of a metal is greater in the presence of iodine ions than in 
the presence of bromine ions, and is greater in the presence of bromine 
than of chlorine ions. 

To test the influence of the concentration of the solutions, cells of 
copper sulphate and zinc sulphate solutions were thoroughly investi- 
gated. The investigation showed that while an increase of concentra- 
tion of either solution caused a decrease of the solution tension of the 
metal electrode, this decrease was greater in the case of copper than of 
zinc ions. When the zinc sulphate solution was very concentrated and 
the copper sulphate solution was very dilute, the galvanometer deflec- 
tion was appreciably decreased, but was not reversed. 

The results of the investigation seem to the writer to indicate that, in 
accordance with Professor Sanford’s hypothesis, the solution of any of 
the electrolytes used decreases the specific inductive capacity of the 
water, but the more electropositive an ion the less it decreases the specific 
inductive capacity of the water. 


STANFORD UNIVERSITY, CAL., 
May, IQI5. 
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SATURATION VALUE OF THE INTENSITY OF MAGNETIZA- 
TION AND THE THEORY OF THE HYSTERESIS LOOP. 


By E. H. WILLIAMS. 


ECENTLY, Weiss! has shown that an alloy composed of iron and 
cobalt combined in relative amounts given by the expression 
Fe,Co gives a much higher value of the intensity of magnetization than 
either iron or cobalt taken alone. Furthermore, it has been shown by 
Mr. D. T. Yensen? that the magnetic properties of pure iron can be 
greatly improved by melting the iron in a vacuum and it was hoped that 
the magnetic properties of FesCo could be improved by treating it in 
like manner. The object of the present paper was not only to make a 
careful study of the saturation value of the intensity of magnetization 
of Fe,Co prepared under various conditions but to use the data thus 
obtained in a test of the theory of the hysteresis loop as developed by 
J. Kunz. 

In his paper, Kunz tests the theory with the data then available. 
The results show the discrepancy between theory and experiment to be 
very great. If all quantities involved are obtained from the same 
sample, the test of the theory will be more satisfactory. 


PREPARATION OF SAMPLES. 


Iron and cobalt were taken in the proportion indicated by the formula 
Fe.Co, melted in a vacuum furnace under pressures varying from 5 mm. 
to 0.5 mm. Hg, allowed to cool slowly and then forged into long bars 
from which samples were turned. In most cases enough of the material 
was taken to make both an ellipsoid and a rod—the ellipsoid for the 
determination of the saturation value of the intensity of magnetization 
and the rod for the determination of the hysteresis loop. The hysteresis 
data were taken by Mr. D. T. Yensen on a magnetic testing apparatus 
similar to those used by the Bureau of Standards. Mr. Yensen has made 
a study of the samples from the viewpoint of the engineer. His results 
are to be published soon in the General Electric Review. 

1P. Weiss, Compt. Rend., 156, p. 1970, 1913. 


2D. T. Yensen, Bul. No. 72, Eng. Exp. Sta., Univ. of Illinois, Urbana, III. 
3 J. Kunz, Phys. Zeit., XIII., p. 591, 1912. 
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ELLIPSOIDs. 


A great deal of trouble was experienced in making ellipsoids that were 
accurate. The form of the ellipsoids was tested by projecting an image 
of the ellipsoid on the figure of an ellipsoid drawn to the desired pro- 
portions. Finally the accuracy was tested by comparing the volumes 
obtained by calculation, using the dimensions of the ellipsoid, with those 
obtained by immersion in distilled water at known temperature. No 
ellipsoid was used where the difference in volume differed by more than 
2 per cent. and most of them differed by less than 1 percent. The ellip- 
soids were about 1.19 cm. in length and about .56 cm. in diameter. 

The author wishes to express his thanks to P. Weiss for samples of 
his material which he kindly sent. This material, when received, was 
porous and had apparently been melted and cast at atmospheric pressure. 
One ellipsoid was turned from the material just as received. A second 
ellipsoid was turned from a portion of the material which had been forged 
into a small rod, after which the remainder of the sample was remelted 
in a vacuum furnace under a pressure of .5 mm. of Hg. It was then 
forged into a rod from which an ellipsoid was turned. The results 
obtained with these ellipsoids are included in Table I. 

The field inside an ellipsoid is uniform and is given by 


H = Hy — NI, (1) 


where Hp is the external field applied, J the intensity of magnetization, 
H the resultant field within the ellipsoid and N a constant depending on 
the dimensions of the ellipsoid. 

The field Hp was produced by a large electromagnet the pole pieces 
of which were 3.2 cm. apart and bored to receive a glass tube 9 mm. in 
diameter. On this tube was wound an induction helix. The field, Ho, 
between the poles of the magnet was calibrated by two methods—by 
means of a flip coil and with a magnetic balance. The mean of the 
two calibrations, which differed in no case by more than one half of one 
per cent., was taken to plot the calibration curve. The intensity of 
magnetization J was obtained by suddenly removing the ellipsoid from 
the induction helix between the pole pieces and noting the change of 
flux as indicated by a ballistic galvanometer. From the constants of the 
apparatus the value of J could be calculated. 

If, in equation (1), NJ is greater than Ho, H becomes negative while 
Hp and J are still positive, 7. e., the field within the ellipsoid is opposite 
in direction to the field outside. The ellipsoids used in this work were 
such as to produce this result, so that when a hysteresis loop was taken 
with one of the ellipsoids a very peculiar S-shaped form was obtained. 
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RESULTS FOR In. 

The results for the saturation values of the intensity of magnetization 
are summarized in Table I. In this table also, values obtained by other 
experimenters as well as by the author are given for comparison. An- 
nealing these samples at 900° C. and 1100° C. produced practically no 
change in the values of I,. Analysis of the first two samples of Fe:Co 
listed in Table I., were made, the first showing 33.36 per cent. Co and 
the second 33.33 per cent. Co. From these results we see that com- 


TABLE I. 
Values of Im (t = 20° C.) 

Commercial steel (Williams) ............. 20. cecececcccecees 1,751 
Swedish wrought iron (Ewing)............cccececcceccccces 1,690 
EO eh re ee 1,770 
Electrolytic iron (melted under pressure of 3 mm. of Hg 

CS ce Pichipreeberkdheenscadehinesnebawaeoen 1,798 
Cobalt (1.66 per cent. Fe) (Ewing). .............ccccceeeees 1,310 
6 Ai is eee bam nee ewe 1,421 
Cobalt (melted under pressure of 1 mm. Hg (about 99 per 

oN OE TT Pe ne 1,504 
Fe2Co melted under pressure of 3 mm. of Hg without being 

NN dp ccc uuwnsiaw bicewtawecceud ence wus 1,791 
Same—hand forged (Williams).............cccccecccesccecs 1,962 
Same—forged with steam hammer (Williams)............... 1,977 
Fe2Co melted under pressure of 1 mm. of Hg. Forged with 

a ee 2,050 
Fe2Co melted under pressure of 0.5 mm. of Hg. Forged 

with steam hammer (Williams)..................20005: 2,056 
Fe2Co melted and cast at atmospheric pressure (sample re- 

ceived from P. Weiss) (Williams)................eeee0- 1,752 , 
Same—forged as received (Williams)................000000- 1,977 


Same—remelted under .5 mm. pressure and forged (Williams) . .2,038 


bining pure iron for which the value of J, is 1,800, when the iron is 
melted in a vacuum, with cobalt for which the value of Im is 1,500 when 
melted under the same conditions, we obtain an alloy for which J, is 
2,050, or 14 per cent. higher than pure iron itself. Weiss, in the paper 
referred to above, states that if one takes into account the difference in 
atomic weight, the temperature at which ferromagnetism disappears 
and the densities, one finds that at ordinary temperatures ferro-cobalt 
has a magnetization at saturation 10 per cent. higher than that of iron, 
so that the extra 4 per cent. is probably due to the fact that the alloy 
in the present case was melted in a vacuum. This conclusion is sub- 
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stantiated by the difference between the last two results of Table I 
(material received from P. Weiss). This difference is undoubtedly due 
to melting under greatly reduced pressure since all other conditions are 
as nearly equal as it was possible to make them. 

Photomicrographs of the first two samples of FesCo given in Table I. 
are shown in Figs. I, 2,3 and 4. Fig. 1 is of the first sample after being 
forged and Fig. 2 is of the same sample after being annealed at 900° C. 
and cooled uniformly at the rate of 30° C. per hour. Fig. 3 is of the 
second sample of Fe2Co listed in Table I. after the same had been forged 
and Fig. 4 is the same sample after being annealed at 900° C. 


HYSTERESIS THEORY. 


In the article by J. Kunz referred to above, the author obtains the 
following expression for the energy of the hysteresis loop: 











I I 
= 2 - ee 
W = nH. J = a 
’ Im +11 + Al; 
P I _ I 


Hi; 





2 
Im +11 + Ali 


where J,, is the saturation value of the intensity of magnetization, H, 
the coercive force, J; the intensity of magnetization corresponding to 
the magnetizing field H,, and where 


H = H.(1 -F) 


no 1m [(=—aa) - (=) |. 


According to this theory the hysteresis loss per cycle experienced 
' when the field alternates between the values + H; and — Mi, producing 
the intensities of magnetization + J; and — J;, can be calculated directly 
if one knows the values of J,, and H, for the material concerned. 

As pointed out above, the test given this theory proved very unsatis- 
factory and seemed to indicate that the theory was of very little practical 
importance. 

It seemed desirable to give the theory a thorough test by the careful 
determination of the four quantities J,, H., H, and I, with the same 
sample. The results for the hysteresis loss, W, calculated and the 
hysteresis loss, W’, as measured from the hysteresis loops are given in 


and 
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Tables II., III. and IV. Table II. is for a sample of FesCo before being 
annealed ; Table III. for the same sample after being annealed at 900° C., 


Husteresis Curves 
for Fe, Co after 
Annealing at 900°C. 


Fig. 5. 
1 | 
Fig. 5. 





and Table IV. for a sample of pure iron after being annealed at goo° C. 
The hysteresis curves from which the values of W’ in Table III. were 


measured are shown in Fig. 5. 


TABLE II. 
Im = 2,050; H-. = 6.4; AH = 1.876. 








A, | . 7 Ah | w q Ww 

14 | 415 | 143.5 | 19,580 | 18,685 

24.5 | 798 | 24.2 | 28,700 28,600 

56.5 1,179 2.27 35,620 | 41,825 
146. | 1,588 .06 45,630 | 56,245 | 








The results in Tables II., III. and IV. show fairly good agreement 
between the values for the hysteresis loss as calculated by the above 
formula and those obtained by measurement of the hysteresis curves. 

If the theory were modified to take into account the curvature as the 
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Fig. i Fig. 2 
FesCo melted under 3 mm. pressure and Same as Fig. 1, annealed at goo° C. 
forged. 





Fig. 3. Fig. 4. 
FesCo melted under I mm. pressure and Same as Fig. 3, annealed at goo° C. 
forged. 
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ZA 


95 
1.82 
3.82 
7.33 


coercive force is being applied, it would probably agree with experiment 
even more accurately than it now does. But even as it stands the 
results for ordinary fields are accurate enough to make the theory of 
great value in calculating losses where they cannot be measured directly. 


PuysicS DEPARTMENT, 
UNIVERSITY OF ILLINOIS, 


TABLE III. 
Im = 2,050; H,. = 0.65; AH = 0.19. 
h . bh Ww 7 w 
796 537. ~ 4,513 1,488 
| 955 64.4 | 2,727 | 2,340 
| 1,115 6.35 3,434 3,020 
1,273 .902 3,777 | 3,792 
1590 | 013 | 4166 | 4930 _ 
TABLE IV. 
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Im = 1,800; H,. = 0.36; AH = 0.105. 





| | ah | w wr 
| a inn 
955 | 306. 973 970 
1,115 81. 1,364 | 1,353 
1,195 16. 1,651 1,552 


1,264 1,940 1,918 


May, I9QI5. 
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PROCEEDINGS 


OF THE 
AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE SAN FRANCISCO MEETING. 


HE seventy-eighth meeting of the American Physical Society was held 
at San Francisco, August 2 to 7, 1915. It was a joint meeting with 
Section B of the American Association for the Advancement of Science. 
The programs of the meetings on Tuesday, Wednesday and Thursday were in 
charge of a committee of the Pacific Coast division of the A. A. A. S., of which 
Professor Fernando Sanford was chairman, and those of Friday were in charge of 
the Physical Society, President Merritt presiding. The meeting on Wednesday 
was held at Stanford University, Palo Alto. All other sessions for the reading 
of physics papers were held at the physical laboratory of the University of 
California, Berkeley. General sessions of the A. A. A. S. were held in San 
Francisco. 
The following papers were presented: 


Tuesday afternoon—S pectroscopy. 


(1) A Summary of the Leading Features of Electric Furnace Spectra; (2) 
The Spectrum of the ‘‘ Tube-Arc’”’ and a Comparison with Line Dissymmetries 
in Spark Spectra. ARTHUR S. KING. 

Review of Laboratory Studies of the Zeeman Effect, at Mount Wilson Solar 
Observatory. Haroip D. BABCOCK. 

Pole Effect in the Arc and Its Relation to Other Investigations. CHARLES 
E. St. JoHN AND HaArRo.tp D. BABCOCK. 

The Efficiency of Astronomical Spectrographs. JOSEPH Moore. 


Wednesday afternoon (at Stanford University). 


Discussion and Demonstrations of High Potential Electric Currents. 
Harris J. RYAN. 


Thursday forenoon and afternoon— Physics of the Air. 


The Thunderstorm. W. J. HUMPHREYs. 
New Concepts in Aérology. A. G. McApIE. 
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The Application of Physical Principles to Problems Suggested by Oceanic 
Circulation and Temperatures. GEORGE F. MCEWEN. 

Radiation and the Atmosphere. C. G. ABBOT. 

Solar Radiation and Terrestrial Magnetism. L.A. BAUER. 

On the Origin and Maintenance of the Earth’s Negative Charge. W. F. G. 
SWANN. 

The Natural Charges of the Elements. FERNANDO SANFORD. 


Friday forenoon and afternoon. 


Thermo-electric Properties of Alloys of Bismuth and Tin. A. E. CASWELL. 

On the Free Vibrations of a Lecher System IV. (By title.) F. C. BLAKE 
AND CHARLES SHEARD. 

Resistance of a Spark Gap. W. P. Boynton. 

On the Resolving Power of Photographic Plates. OrIn TUGMAN. 

Sensitive Moving-coil Galvanometers. FRANK WENNER AND ERNEST 
WEIBEL. 

An Experimental Verification of the Law of Variation of Mass with Velocity 
for Cathode Rays. Ltioyp T. Jones. 

The Oxide Resistance Thermometer. S. L. BRown. 

New Form of Radiation Pyrometer. S. L. BRown. 

Electromotive Forces in Isothermal Metallic Circuits. GiLpert N. Lewis. 

A New Method of Determining the Amplitude of Sound Vibrations in Air— 
with Demonstration. E. P. LEwis. 

An Application of the Koch Registering Michophotometer for Measuring 
the Sharpness of Photographic Images. ORIN TUGMAN. 

Photographic Study of the Tone of the Violin. D.C. MILLER. 

The Variation of the Photoelectric Current with the Angle of Emission. 
WILLARD GARDNER. 

A Quantitative Determination of the Earth’s Penetrating Radiation. C. H. 
KUNSMAN. 

Ultra-Violet Absorption Spectra. R. L. SEBASTIAN. 

The Ultra-Violet Spectra of Krypton and Xenon. E. P. LEwis. 

The Law of Cohesion in Mercury. P. A. Ross. 

Note on the Theory of Ionization by Collision. W. P. Roop. 

Heat Losses from Incandescent Filaments in Air. L. W. HARTMAN. 

Magnetic Field Produced by Rotating Solid Conductors in a Magnetic 
Field. (By abstract.) S. R. WILLIAMs. 


Many physicists accepted the invitation to attend a joint meeting of Section 
A, the American Mathematical Society and the American Astronomical 
Society, Tuesday forenoon to hear addresses on ‘‘The Human Significance of 
Mathematics,”’ by C. J. Keyser, Columbia University, and ‘‘The Work of a 
Modern Observatory,” by G. E. Hale, Mt. Wilson Observatory, Pasadena. 
Professor Hale’s address was illustrated by interesting experiments on vortex 
motion. 
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Several instructive demonstrations were arranged by Professor Lewis (some 
of them at the request of Dr. Hale), where they could conveniently be examined 
between sessions. Among them were Professor Stebbens’ photoelectric cell 
for stellar photometry; the Zeeman effect with echelon grating, Fabry and 
Perot étalon, and Lummer and Gehrcke plate; mercury fringes with Fabry 
and Perot interferometer; the amplitude of sound vibrations made visible by 
the forced vibrations of lycopodium particles. 

Tuesday noon visiting physicists, astronomers, mathematicians and accom- 
panying ladies were the guests of Professors E. P. Lewis, M. W. Haskell and A. 
O. Leuschner, at the luncheon at the Faculty Club, University of California. 

Wednesday evening, immediately after the return from Stanford University, 
the physicists dined together at Jules Cafe, San Francisco. Attendance about 
thirty. 

During the week many found opportunity to visit the exhibit of the National 
Bureau of Standards at the Panama-Pacific International Exposition and some 
to make an excursion to the Lick Observatory at Mt. Hamilton, where the 
activities of the institution were explained by the astronomers in charge. 

At the final session, a hearty vote of thanks was extended to the Pacific 
Coast Committee for the excellent arrangements made for the meetings, to 
the authorities of the University of California and of Stanford University for 
the accommodations provided and especially to the physics staff of the two 
institutions for the many courtesies extended by them. 

A. D. CoLe, 
Secretary. 











